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ABSTRACT 
Functionalized Single-walled Carbon Nanotubes for Composite Applications and 
Radiation Studies 
By 
Merlyn Xavier Pulikkathara 
This dissertation offers a hopeful advance towards our future in space. Materials 
for space applications need to be strong, lightweight, and be multifunctional. Single-
walled carbon nanotubes (SWNTs) have various properties that fit these criteria as a 
novel material for space and biomedical applications. To utilize SWNTs for this purpose, 
new chemical functionalization schemes need to be developed and studied. Fluorinated 
single-walled carbon nanotubes (F-SWNTs) with fluorine atom substitutions on the 
sidewalls can serve as the building blocks for the new functionalization schemes. In this 
work, F-SWNTs have been derivatized with urea, guanidine, thiourea, and alkylated 
chains that have also been perfluorinated. In addition to these materials, F-SWNTs have 
been modified with amino acids and silanes of various lengths. Finally, the F-SWNTs, 
Urea-F-SWNTs, and alkylated and perfluorinated SWNTs have been further employed in 
new composite materials and in radiation damage studies of the types that might be 
encountered in space. The Urea-F-SWNTs have also been derivatized with 
nanodiamonds (NT-ND) and coated onto glass as a potential new coating for space 
applications. 
The polymers in the composite studies were medium density polyethylene 
(MDPE) and high density polyethylene (HDPE) and nylon fibers. The MDPE polymer 
nanocomposites with the perfluorinated nanotubes showed an increase of 51% in tensile 
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strength. The nylon fiber study showed the effect of a reactive vs. non-reactive nano filler 
with SWNTs and F-SWNTs, on mechanical and thermal properties and alignment 
through Raman spectroscopy studies. 
Among these functionalized materials, F-SWNTs, Urea-F-SWNTs, alkylated (F-
SWNT-C11H23), and perfluorinated (F-SWNT-CnFxHy) nanotubes in both powder and as 
fillers in thermoplastic composites were subjected to radiation damage studies. The 
radiation damage studies involved various ionizing radiation particles and photons, such 
as protons of different energies and fluences, gamma rays, neutrons and other ions, and 
focused on the damage done to the functionalized materials. Protons with an energy of 30 
MeV and fluences ranging from lxlO9 to 5xl010 protons/cm2 had a de-functionalizing 
effect on F-SWNT as evidenced by the increased G:D ratio in the Raman spectra from 
0.76 for an unradiated sample compared to 1.98 for an irradiated one. XPS studies also 
indicated a decrease of fluorine atom substitution from 40.3 to 36.5 %fluorine. Sensor 
studies, however, showed a slight decrease in the G:D ratio which indicated that the 
fluorinated nanotubes were further disordered on the sidewall due to proton irradiation 
damage. F-SWNT-C11H23 and F-SWNT-CnFxHy were also placed on a sensor chip, with 
both types of materials showing sensitivity in terms of increased resistance to 10 and 30 
MeV protons with fluences of lxlO11 and lxl07protons/cm2 respectively. Both had 
shown recovery to baseline resistance when the radiation was discontinued. Non-
functionalized SWNTs had shown no significant change in resistance after irradiation. In 
general, this sensor work showed that functionalized SWNTs serve as better radiation 
detector platform then their pristine counterparts. 
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The HDPE nanocomposite studies showed that various radiation environments 
increased or decreased the melting temperature compared to a control. The effects of 
protons on unfunctionalized SWNTs were also studied to gauge whether SWNTs could 
serve as a potential radiation shielding material against neutrons, and it was determined 
that composites with SWNTs performed as well as other material candidates such as 
carbon black and neat HDPE, and functional nanomaterials could be considered for 
further experiments. 
Overall, this work has produced a variety of new SWNT derivatives for 
biomedical, sensor and structural applications. The new alkylated and perfluorinated 
nanotube materials increased the tensile strength of polyethylene and could be used as a 
potential reinforcing structural material. Finally, the radiation studies of this work 
showed that various particles and photons have a measurable effect on the stability of 
SWNT covalently-bonded sidewall substituents and on the internal diameter of the 
SWNTs themselves. This pattern of radiation damage to the various SWNT materials 
suggest potential applications of these materials for advanced sensor and shielding 
devices for space exploration. 
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CHAPTER 1. INTRODUCTION 
Radiation Effects in Space 
Our future will take us into space, and we must navigate through various radiation 
environments in a safe way. Radiation can either ionize or displace atoms. Currently, 
ionizing radiation can damage human cells and interfere with the normal functioning of 
electronic devices on board space craft. Within our radiation environment, there are three 
sources of ionizing radiation.1 The first source is Galactic Cosmic Rays (GCR), which 
comprise the low-level background radiation of our universe. GCR is composed of 87% 
protons, 12% helium nuclei, and 1% particles that are heavier than helium. The second 
source is solar energetic particles which consist of the coronal mass ejections from the 
sun. The third source includes the energetic particles from solar winds that are trapped in 
the Van Allen belts and the geomagnetic fields around the earth, particularly at the South 
Atlantic Anomaly. 
The current radiation dose limit for the general public is 0.1 rems/year for the 
whole body.a The current limit for an astronaut is 50 rems per year, and this only 
pertains to low-earth orbit such as the location of the International Space Station (ISS) ? 
The effects of space radiation result in total ionizing dose, displacement damage and 
single-event effects for electronics. Total ionizing dose is of concern due to the secondary 
radiation of energetic particles that are created when the energetic particles are slowed 
down through the intervening materials of the spacecraft. The interactions of intergalactic 
rays with atoms of various materials abroad spacecraft results in secondary neutrons that 
a
 Information was obtained during the radiological worker I&II training class that was required to 
participate in experiments at Los Alamos National Laboratory. 
2 
cause displacement damage. These effects can alter DNA strands and result in radiation 
damage to tissues. Single-event effects occur as galactic cosmic rays, particles from solar 
events, trapped protons, and the aforementioned secondary neutrons disrupt electronics, 
leading to equipment damage or failure.2,3 
If more effective radiation shielding can be developed, personnel and electronics 
will be better able to withstand the hazardous space environment for a longer period of 
time without increased risk. Many materials have been investigated, and research for a 
cost-effective material that would reduce the effects of energetic particles from GCR is 
continuing. By optimizmg materials to reduce the level of radiation exposure to humans 
and electronics, we should be able to increase the duration of our exploratory space 
missions. 
Desired materials need to be lightweight to keep the transport of such materials 
cost effective on long missions. In addition, materials with a high hydrogen density are 
preferred, because the use of hydrogen-rich materials reduces the spallation fragments 
associated with higher Z (atomic weight) atoms.4 Thus, new materials with robust 
structural properties that are radiation resistant are needed for future spacecraft. 
Certain materials are commonly used despite their higher Z character. For 
example, aluminum, which has poorer shielding characteristics when compared to liquid 
hydrogen and other materials, is a common material in space-craft structure.1 It is 
abundant, cheap to process, and easily manufactured into desired shapes. Liquid 
hydrogen, which has the best shielding characteristics, is a far more difficult material 
with which to work. Imagination, sound science, and engineering must then be used in 
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the future design of spacecraft to utilize the best of materials in a cost effective, radiation-
shielding optimized design. 
Carbon Nanotubes 
Carbon nanotubes comprise one of the latest materials that have caught the 
attention of the materials and chemistry research community. This novel material has 
been shown to have remarkable properties and new potential applications are constantly 
being proposed. This introductory section discusses the family of carbon allotropes, in 
particular focusing on single-walled carbon nanotubes (SWNTs) in terms of their genesis, 
physical properties, characterization, applications, and functionalization. 
Carbon fibers were first produced by Thomas Edison to serve as a filament 
lightbulbs.5 Research evolved from carbon fibers to carbon whiskers and then to 
filaments and finally to tubules. Fullerene research, which studies spherical C60 
structures, then stimulated the search for thinner tubules. Following S. Iijima's work6 
which first observed carbon nanotubes by Transmission Electron Microscopy (TEM) in 
1991, Richard Smalley of Rice University, along with various other workers worldwide, 
were able to further develop carbon nanotube-based materials science. 
Carbon atoms produce a variety of structures, such as diamond, fullerene cages, 
graphite, and nanotubes. These structures are shown in Figure 1. A carbon nanotube is 
essentially a layer of graphene that has been rolled up into a seamless cylinder with a 
diameter of ~lnm for a single-walled nanotube. Referring to the partial tube in Figure 1, 
a carbon nanotube can be viewed as a fullerene that has been elongated with a 
hemispherical cap at each end of the cylinder. 
4 
Figure 1. The various forms of carbon. A single-wall carbon nanotube is the structure 
shown at the right- hand side of the figure. The photo was downloaded from 
http://www.ruf.rice.edu/~smalleyg/images/allotropes.jpg 10/28/2008. 
Carbon nanotubes are chemically inert and have the ability to be either metallic or 
semi-conducting, depending on the twist of the tube. The particular tube chiralty, in turn, 
affects the electrical conductance of the nanotube, its density, its lattice structure, and 
other properties. The chiralty of a tube with a right-hand twist is shown in Figure 2. 
Figure2. Scanning tunneling microscope (STM) image of a SWNT. The chiralty or 
'twisting' of the tube is clearly shown. This picture was downloaded from 
http://www.mb.tn.tudelft.nl/nanotubes.htmlll/02/2008. 
Nanotubes have been produced as single-walled nanotubes (SWNTs), double-
walled nanotubes (DWNTs) and multi-walled nanotubes (MWNTs). MWNTs have a 
central tubule and graphitic layers separated from the central tubule by 3.4A. 
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Equilibrium Structure 
Average Diameter of SWNT's 
Distance from opposite Carbon Atoms (Line 1) 
Analogous Carbon Atom Separation (Line 2) 
Parallel Carbon Bond Separation (Line 3) 
Carbon Bond Length (Line 4) 
C - C Tight Bonding Overlap Energy 
Group Symmetry (10,10) 
Resistivity 
Maximum Current Density 
Thermal Conductivity 
Phonon Mean Free Path 
Relaxation Time 
Young's Modulus (SWNT) 
Young's Modulus (MWNT) 
Maximum Tensile Strength 
Value 
1.2-1.4 ran 
2.83 A 
2.456 A 
2.45 A 
1.42 A 
-2 .5 eV 
Csv 
104 n-cm 
1013A/m2 
~ 2000 W/m/K 
-lOOnm 
~10-"s 
- l T P a 
1.28 TPa 
~ 100 GPa 
Table 1. Physical properties of carbon nanotubes. All values are for SWNTs unless 
otherwise stated. The table was assembled by Thomas A. Adams II and downloaded from 
http://www.pa.msu.edu/cmp/csc/nanotube.html 11/02/2008. See Figure 3 for bond 
distance parameters 1-4. 
Table 1 documents the various physical properties of carbon nanotubes and the 
associated bonds length parameters as shown in Figure 3. 
i 
Figure 3. Bond Length Parameters for Table 1. 
Carbon nanotubes are generally produced by three main techniques7'9'10, carbon-arc 
discharge, laser ablation and chemical vapor deposition. Table 2 summarizes the carbon 
nanotube materials produced by these methods along with relevant parameters for the 
materials. 
Potential applications of carbon nanotubes are for electronic devices, hydrogen 
(H2) storage and pharmaceuticals, fillers in composites, and as sensors. SWNTs are either 
metallic or semiconducting which is dependent on the amount of twist they exhibit. In 
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addition, the electronic structure of SWNTs can be modified into useful electronic 
devices by purposely producing defects in the material. 
Method 
Who 
How 
Typical yield 
SWNT 
Arc Discharge 
Ebbson and Ajayan, 
NEC, Japan 
Connect two 
graphite rods to a 
power supply, place 
them a few mm 
apart, and turn on 
the switch. At 100 
A, carbon vaporizes 
and forms a hot 
plasma 
30-90% 
Short tubes with 
diameters of 0.6-
1.4nm 
Chemical vapor 
deposition 
Endo, Shinshu 
University, Nagano, 
Japan 
Place substrate in 
oven, heat to 600°C, 
and slowly add a 
carbon-bearing gas 
such as methane. As 
gas decomposes it 
frees up carbon 
atoms, which 
recombine to form 
NTs 
20-100% 
Long tubes with 
diameters from 0.6-
4nm 
Laser ablation 
Smalley, Rice, 1995 
Blast graphite with 
intense laser pulses; 
use the laser pulses 
rather than 
electricity to 
generate carbon gas 
from which the NTs 
form; try various 
conditions until hit 
on that produces 
prodigious amounts 
of SWNTs 
Up to 70% 
Long bundles of 
tubes (5-20um) with 
individual diameter 
from l-2nm 
Table 2. Summary of the processes used to prepare SWNTs. 
For example, inserting 5-7 defects at the interface in the hexagonal structure 
between metal and semiconducting SWNTs can be used to form electronic devices in 
which SWNTs and traditional Si have similar band energies.7 Possible device structures 
include junctions of metal-semiconducting tubes, metal-metal tubes, and semiconducting 
-semiconducting tubes. The empty cylinder of the nanotube has led researchers to 
explore the possibility of filling the nanotubes and using them as storage containers on 
o 
the nanoscale. The essential idea is to sublime a substrate into the nanotubes in a closed 
system. It is even believed that the nanotubes can "stretch" to better accommodate layer 
substrates. Research has shown that it is possible to fill the tubes, for example, with 
hydrogen, however, gas does not stay within the tubes at room temperature.9"11 
Carbon nanotubes have been used as fillers for composites as well.12"16 The 
smaller the filler, the better the enhancement of mechanical properties that can be 
achieved. It is the incredible strength of the nanotubes that is sought to be the load-
bearing material which delay material failure. The high aspect ratio and large surface area 
of nanotubes that would through an interface be able to have effective load transfer from 
matrix to the nanotube. Various research studies have discussed the effects of nanotubes 
in polymer matrices. " Due to their large surface area and high reactivity, nanotubes 
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have also been utilized as sensors for biomedical applications , for gases , and for 
potential radiation sensors19. However, to further develop these different applications, 
one must first overcome the large (0.5eV/nm) van der Waal forces between nanotubes 
to separate them from large aggregates that might otherwise inhibit utilization of their 
remarkable properties. The best way to individualize or create smaller bundles of carbon 
nanotubes from aggregates is to chemically functionalize the material with various 
substituents. 
Functionalized Carbon Nanotubes 
Functionalizing the sidewalls of the carbon nanotubes produces small bundles or 
single nanotubes. Fluorine is the most electronegative element, and fluorination of 
nanotubes and their subsequent properties has been widely studied.21"30 Covalent bonding 
of functional groups have included fluorination by Boul et al21 which was the first 
functionalization which demonstrated improved dispersion in polyethylene composites by 
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CHAPTER 2. NEW METHODS TO FUNCTIONALIZE SINGLE-WALLED 
CARBON NANOTUBES 
Fluorination of SWNTs was the first covalent sidewall functionalization 
method to produce highly individualized and soluble nanotubes.21'40 The introduction 
and use of fluorinated nanotubes (F-SWNT) has already resulted in increased dispersion 
in composites. ' It has also been shown that fluorinated SWNTs can be further 
derivatized due to their greater higher reactivity than pristine SWNTs.35,40 The C-F bond 
of F-SWNTs can be readily substituted by a variety of nucleophilic reagents to produce 
an array of sidewall functionalized SWNTs. It has been shown that the reaction of F-
SWNT with terminal alkylidene diamines provides a convenient route to amino 
functionalized SWNTs through C-N bond formation. These results have facilitated the 
use of the other substituted amino compounds to prepare SWNT sidewall functionalized 
with various groups by the similar one-step route. Unless stated otherwise, the reactions 
described in this work used F-SWNTs acquired from CNI Inc. 
The F-SWNT reactants were further derivatized in four general ways. The first 
group consisted of urea, guanidine, and thiourea. This involved a solvent free process in 
which urea was melted with F-SWNTs and then washed with water, this was compared to 
the method of derivatizing F-SWNT with urea, thiourea, and guanidine by using a 
solvent.41 The second group of reactions consisted of APTES, N-(2-Aminohexyl)-3-
aminmethyltriethoxysilane (N6), and N-(2-Aminoethyl)-3-
aminopropyltrimethoxysilane.42 The effect of derivatizing F-SWNTs with silanes of 
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different linker lengths has been explored. The third group included reactions with the 
amino acids proline and serine.43 These two derivatized SWNT materials have been fully 
characterized, along with the glycine and cystine analogs, which were prepared earlier by 
previous students.43 The fourth reaction group involved alkylated chains and 
perfluorinated chains.44 
The new derivatives have been characterized by ATR-FTIR spectroscopy using a 
Thermo Nicolet Nexus 670 FTIR spectrometer and samples pressed into KBr pellets. For 
elemental analysis, X-ray photoelectron spectroscopy (XPS) data were obtained with a 
PHI Quantera spectrometer using a monochromatic Al Ka radiation source (1486.6 eV) 
with a power setting of 350 W and analyzer pass energy of 23.5 eV with a 45° take off 
angle. Raman spectra were taken with a Renishaw Microraman system operating with a 
780 nm AlGaAs diode laser source. Thermal gravimetric analysis (TGA) was performed 
to determine the thermal stability of the new SWNT derivatives and to establish the 
degree of SWNT functionalization. TGA analyses of the products were performed in an 
inert environment using pre-purified argon gas with a TA-SDT-2960 TGA-DTA 
analyzer. To examine surface morphology modification of the SWNT derivatives, atomic 
force microscopy (AFM) analysis was performed using a Digital Instrument Nanoscope 
IIIA equipped with a Silicon tip. For microstructure investigation, transmission electron 
microscopy (TEM) images were obtained using lacey carbon coated copper grids (size 
300 mesh) and a JEOL JEM-2010 electron microscope operating at an accelerating 
voltage of 100 kV. A FEIXL-30 Scanning electron microscope (SEM) with 2nm high 
resolution was also used for taking surface images. 
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The Urea (U-F-SWNT), Guanidine (G-F-SWNT), and Thiourea (T-F-SWNT) derivatives 
Introduction 
Sidewall covalent functionalization of carbon nanotubes is necessary to achieve 
small bundles and individualized SWNT materials, to link SWNT materials to other 
functional moieties, and to aid in better dispersion in composites. The motivation of this 
work began from the understanding that urea interferes with protein folding.45 It was 
then hypothesized that if urea could disrupt van der Waals forces within proteins, it might 
similarly disrupt van der Waal forces within the nanotube bundles. 
To test this hypothesis, initial work was performed on raw, unpurified SWNTs 
prepared through arc discharge and purchased from Nanoledge. The solutions were ultra 
sonicated and then centrifuged at 14,000 rpm for 5 minutes. Cleaned Si chips with natural 
oxides was placed in a 2% solution of N-3-(trimethoxysii) propyl-ethylenediamine for ten 
minutes then rinsed with de-ionized water and blown dry with an Ar gun. The chips were 
then dipped in solutions with varying concentrations and air dried, for AFM sample 
preparation. The AFM images in Figure 4 were obtained with varying concentrations of 
urea in water using arc-discharge SWNTs unless indicated. At certain concentrations, 
rings appeared as in Figure 4a,b, and h. HiPCO tubes acquired from CNI, were used in 
half the concentration used to obtain the rings, and ginger like root cluster had appeared 
in Figure 4c, with a zoomed image of the ginger root cluster in Figure 4d which appears 
to be a coating. It was also observed that the rings come from bundles of SWNT of 
different lengths; the ring diameter was measured as an example Figure 4e-f. Notice the 
wider regions of this ring, it is believed this widening area is of urea excess, there are 
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other rings that have no such excess as in Figure 4h. Another change noticed by AFM 
was the appearance of bumps along the sidewall of the nanotubes in Figure 4g. When 
concentration was increased to 1.04% wt. Urea solution, large networks of bundles was 
detected, this was seen all over the substrate, in large looping networks as in Figure 4i. 
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Figure 4. AFM images of SWNTs with various concentration of urea solutions, a, b, e, f, 
g) .01 % ; for c, d) 005%; and for i) 1 %. 
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To examine the effect of urea on SWNTs in solution, lOmg of SWNTs were placed into 
small vials with 2ml of DI and 10 mg urea crystals shown below in Figure 5. 
_ 
"• J - • *t 'J - ' . 3 A 
Figure 5. a) The effects of urea on the SWNT before manually shaking, b) immediately 
after shaking, and c) after a few hours. 
In the present study, a one-step functionalization procedure using F-SWNTs as the 
starting materials in reactions with urea, thiourea and guanidine has been developed 
(Schemes 1 and 2). Through these reactions, derivatives with terminal amide and 
heteroamide groups on the nanotube sidewalls have been successfully prepared for the 
first time. The F-SWNTs also retain residual fluorine on the sidewall generating 
bifunctional derivatives. Compared to fluorinated nanotubes, the urea-functionalized 
SWNTs (U-F-SWNTs) of Schemes 1 and 2 have shown the highest stability of their 
dispersions in DMF, water and aqueous urea solutions, thereby creating new 
opportunities for potential biomedical applications SWNT materials. All three derivatives 
were efficiently synthesized, and the method can be easily scaled up for production of 
large quantities of materials. 
Urea and guanidine are chaotropic agents which can cause disruption of local 
non-covalent bonding in molecular structures, and in particularly, hydrogen bonding in 
water. This interaction has been studied for protein solutions46'47 and more recently with 
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SWNTs. Since F-SWNTs are hydrophobic, urea can intercalate nanotube bundles by 
disrupting the Van der Waals forces, debundling occurs. This interaction has been studied 
for protein solutions and more recently with SWNTs.45'48 Since F-SWNTs are 
hydrophobic, urea can intercalate nanotube bundles by disrupting the Van der Waals 
forces, until debundling occurs. For these reasons, the covalent attachment of simple 
amide and heteroamide groups to F-SWNT sidewalls is expected to result in smaller F-
SWNT bundles and improved suspension in water and polar organic solvents. 
Materials and Methods 
Urea with 99% purity was purchased from Sigma-Aldrich. Guanidine in the form 
of guanidinium hydrochloride (98% pure) was acquired from Alfa Aesar. Thiourea was 
purchased from Sigma-Aldrich. F-SWNTs of approximately C2F stoichiometry, prepared 
by direct fluorination of SWNTs, were obtained from Carbon Nanotechnologies, 
Inc.(CNI). The SWNTs were initially produced by CNI by their modified HiPco process. 
Urea-functionalized SWNTs (U-F-SWNTs) were prepared from F-SWNTs by 
two methods involving either a solvent-free urea melt synthesis or a solution synthesis. In 
the urea melt synthesis, 50 mg of F-SWNTs were mixed with 5g of urea and grounded in 
a mortar. The mixture was then placed into a three-neck flask, heated to 150°C and 
stirred for 4 hours under N2 gas flow. The hazardous HF gas formed as a by-product was 
removed through N2-purging line. The mixture was cooled to room temperature, DI water 
was added, and the mixture was sonicated for 30 minutes in a bath sonicator. The 
solution was then filtered using a Millipore Fluoropore PTFE filter membrane with a .22 
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um pore size. The solid product was then washed repeatedly with DI water and ethanol 
and then dried for eight hours in a vacuum oven at 70 °C. 
In the solution method to prepare U-F-SWNTs, thiourea-functionalized SWNTs 
(T-F-SWNT) or guanidine-functionalized SWNTs (G-F-SWNT), 50 mg of F-SWNTs 
were sonicated in DMF for 20 minutes and 500 mg of urea (or thiourea or guanidine) 
were then placed in a three-necked flask with 10 drops of pyridine. The solution mixture 
was heated and stirred at two different temperatures 80°C and 100°C for 4 and 12 hours, 
respectively, under nitrogen. Pyridine was used because it is a catalyst in fluorine 
substitution reactions due to it's ability to bind HF. Higher temperature conditions were 
not used since thiourea, in particular, decomposes above 135°C. The mixtures were 
cooled to room temperature, were collected as a black solid on a filter membrane after 
removing unreacted urea, thiourea, and guanidine hydrochloride, respectively, with DI 
water and ethanol. 
The synthetic reaction routes are shown on Schemes 1 and 2. Unlike urea and 
guanidine, which react with the F-SWNTs through their NH2 groups and form C-N 
linkages after elimination of HF (Scheme 1), thiourea most likely attaches to the sidewall 
through the C-S bond (Scheme 2). This is likely in view of higher nucleophilicity of 
sulfur.49'50 
Scheme 1. Derivatization of F-SWNTs with urea (X= O) and guanidine (X=NH). 
F + NH2C(=X)NH2 
Pyridine, heat 
• F 
-HF 
NHC(=X)NH2 
X= O, NH 
Scheme 2. Derivation of F-SWNTs with thiourea. 
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3-F + NH2C(=S)NH2 
Pyridine, heat 
-HF 
S-C(=NH)NH2 
It is well-known that under prolonged heating up to its melting point, urea undergoes 
polymerization as well as decomposition with release of ammonia and formation of 
isocyanic acid.5 Therefore, these processes are expected to contribute into the 
functionalization reaction of F-SWNTs with urea to result in attachment of some 
polyurea moieties to the sidewalls of F-SWNTs to form F-SWNT-NHCONH(CONH)„H 
(PolyU-F-SWNT) derivatives according to the following reactions: 
(1) F-SWNT-NHCONH2 + nH2NCONH2 -> NH3 + F-SWNT-NHCONH(CONH)„H 
(2) H2NCONH2 <-> NH3 + HNCO 
(3) F-SWNT-NHCONH2 + nHNCO <-> F-SWNT-NHCONH(CONH)nH 
These secondary processes likely occur to differing degrees during the solid urea melt 
and solution synthesis conditions. The addition reactions of isocyanic acid in molten urea 
are reversible according to a recently proposed mechanism for the reaction of oxidized 
SWNTs with urea melt.48 Under the heating and stirring of urea and F-SWNTs in DMF 
solution in the presence of pyridine for 4 hours at 100 °C, provides a more homogeneous 
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reaction conditions, the formation of polyurea can become more notable in AFM. Other 
secondary reactions can also occur, particularly hydrolysis of urea moieties in U-F-
SWNTs to produce carbamic acid groups (-NHC(=0)OH) on the SWNT sidewalls as 
reactive intermediates. The latter can react with isocyanic acid, hence, serving as building 
blocks for incorporation of urethane units into a PolyU-F-SWNT side chain. In 
comparison, formation of the polymerization by-products during the functionalization of 
F-SWNTs with thiourea and guanidine hydrochloride under the conditions is not likely. 
The Schemes 1 and 2 reactions also produce gaseous HF as a by-product which 
under urea melt conditions most likely evaporates; while during the solution process, HF 
can dissolve in DMF and form ammonium-type salts by bonding to certain heteroamide 
functional groups attached to the SWNTs. The salt formation is evident in case of G-F-
SWNTs due to greater basicity of guanidine as compared to thiourea and urea.49'50 
Results and Discussion 
The FTIR spectra of the functionalized SWNTs are shown on Figure 6. In the 
spectrum of the F-SWNT sample, the absorption band of the C-F stretch is displayed at 
1203 cm"1, while the bands of sidewall C=C stretches are detected near 1539 cm"1 in 
agreement with data on fluorinated HiPco SWNTs.35'40 In the spectra of derivatized 
nanotubes, such as U-F-SWNTs, prepared both by melt and solution syntheses, G-F-
SWNTs, and T-F-SWNTs, display strong absorption bands at 3400-3430 cm"1 which 
attributed to the N-H stretching frequencies. Peaks observed in the 1700-1500 cm"1 range, 
characterize the C=0 and C=N stretches coupled with the in-plane NH and NH2 bending 
19 
vibrations of the (C=0)NH moieties in U-F-SWNTs and (C=NH)NH2 units in G-F-
SWNTs and T-F-SWNTs.52,53 
Medium intensity or shoulder bands appearing in the spectra in the 1500-1350 
cm"1 region are due to anti-symmetric C-N stretching vibrations coupled with the out-of-
plane NH2 and NH modes. The band of the stretching mode of residual sidewall C-F 
groups is weakened in the spectra of derivatized F-SWNTs because of removal of a 
significant amount of fluorine through both substitution and partial defluorination of the 
F-SWNTs. As a result, this band appears just as a shoulder on a broader band in the 
1200-950 cm"1 region. Out-of-plane NH and NH2 and symmetric C-N stretching 
vibrations also contribute to this broad band. The band at 770 cm"1 in the IR spectrum of 
urea is normally assigned to the CO deformation mode coupled with the anti-symmetric 
NH2 torisional mode. Therefore, the peak appearing in the similar position in the 
spectra of U-F-SWNTs (Figure 7) has been assigned to this type of vibration. It is noted 
that the intensity of this peak and other peaks characterizing the C(=0)NH2 moiety (1700 
-1350 cm"1) are weaker in the IR spectrum of the U-F-SWNT derivative prepared by 
solution method. This can be attributed to a decreased amount of fluorine substitution 
taking place in F-SWNTs under solvothermal conditions since this process runs at a 
lower temperatures (80 and 100 °C) than the urea melt process (150 °C) which can also 
produce Poly U-F-SWNT as a by-product. This interpretation is also supported by XPS 
elemental analysis data and AFM imaging of U-F-SWNT samples 
(see below). 
In comparison with literature data on guanidinium salts53, the peak at 741 cm"1 in 
the spectrum of G-F-SWNTs is assigned to the out-of-plane NCNN deformation mode. In 
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the IR spectrum of free thiourea, the peak at 730-740 cm"1 is assigned to the C=S 
stretching vibration. It was found that this mode shifts to lower wave number by about 
20-25 cm"1 in the coordination compounds of thiourea with ZnSC>4 and CdCb due to 
somewhat weakened C=S bond. 54 
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Figure 6. FTIR spectra of the derivatized F-SWNTs as KBr pellets. 
It is expected that when thiourea bonds covalently to the F-SWNT sidewall 
through nucleophilic sulfur, the frequency of the C-S single bond stretching frequency in 
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the T-F-SWNTs will shift to lower energy. This argument supports the assignment of the 
observed peak at 668 cm'1 in the spectrum of T-F-SWNTs to this mode. 
In Raman spectroscopy, the observed high intensity of the D-peak (1293 cm"1) in 
the spectrum of the F-SWNTs (Figure 7A) reflects the greatest content of sp -hybridized 
sidewall carbons (-37 at. % from XPS data; see below) among all the functionalized 
SWNTs of the present work. Compared with the F-SWNTs, the Raman spectra of the 
derivatives (Figure 7B-D) show a decreased intensity of this disorder peak (D mode) with 
respect to G peak, which is attributed to the sp2 C=C tangential mode. In addition, they 
also show a clear up-shift of the D peak. The intensity of the D peak decreases due to the 
reduction in the number of sp3 C-C bonded carbons caused by partial defluorination of F-
SWNTs when fluorine atoms are removed from the sidewalls in the course of reactions 
with urea, thiourea and guanidine. Defluorination of the F-SWNT results in some 
recovery of sp2 C=C bonds between the sites of sp3 C-X attachment and partial 
restoration of aromatic 7i-electron conjugation and graphene symmetry as is shown by 
the relative increase in the intensity of the G-peak at 1580-1582 cm"1 (Figure 7B-D). 
The shift in the D peak in terms of the derivatives indicates that, besides residual 
fluorine, the other groups that are covalently attached to the sidewalls, also contribute 
into the content of sidewall sp3 state bonded carbons. Their overall content is reduced 
relative to F-SWNTs since only a fraction of the C-F bonds undergoes substitution by 
urea and heteroamide moieties resulting in formation of new sidewall-C-X (X = N or S) 
covalent bonds. Of all the Raman spectra, the G-F-SWNTs show the largest shift of the D 
band from 1293 cm"1 in F-SWNT to 1304 cm'1, as seen in Figure 7D. There was a 
slightly smaller upshift (to 1302 cm"1) observed for U-F-SWNTs (Figure 7B), while T-F-
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SWNTs have shown the smallest shift, to 1297 cm"1 (Figure 8C). The latter suggests that 
in T-F-SWNTs, attachment to the sidewall occurs through the element of different nature 
(sulfur) than that in U-F-SWNTs and G-F-SWNTs which are both linked through the C-
N bonds to the sidewall carbons. 
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Figure 7. Raman spectrum of F-SWNTs (A) and the derivatized nanotubes, U-F-SWNT 
(B), T-F-SWNT (C), and G-F-SWNT (D). 
The Raman spectra of F-SWNTs and their derivatives (Figure 8) also show small 
peaks in the 150-270 cm"1 range typical for SWNT breathing modes which appear as a 
medium intensity peaks in the spectrum of pristine SWNTs. Based on previous research 
of functionalized carbon nanotubes32'40, the very low intensity of peaks due to this mode 
can be due to a high degree of sidewall modification which hinders the radial breathing 
oscillation of the SWNT framework. 
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XPS analysis was performed on all SWNT derivatives obtained under the various 
reaction conditions of Schemes 1 and 2. The elemental analysis data are summarized in 
Table 3. The high-resolution Cls and Fls spectra of the functionalized SWNTs are 
shown on Figure 8. All the derivatives show the reduced content of fluorine compared to 
F-SWNT. The most significant change in fluorine content was for G-F-SWNTs (7.7 
at.%) prepared by the reaction (Scheme 1) run at 100 °C, while at 80°C the same reaction 
yielded the product with F content as high as 24.1 at. %. The nitrogen content in the G-F-
SWNT derivatives was found not to depend on reaction temperature and remained at 
about the same level, 2.4-2.5 at. %. The degree of sidewall functionalization (R/C) by 
guanidine groups was estimated from elemental analysis data (after deduction of atomic 
percent of carbons bonded to fluorine) and found to decrease with the reaction 
temperature, from 1: 58 to 1: 100. This is most likely related to guanidine's high basicity 
which facilitates predominant occurance of defluorination rather than nucleophilic 
substitution of fluorine in F-SWNTs at higher temperatures. 
Table 3. XPS elemental analysis data (at. %) of the derivatized F-SWNT products 
obtained under different reaction conditions 
Product 
F-SWNT 
U-F-SWNT 
Solution synthesis 
Melt synthesis 
G-F-SWNT 
T-F-SWNT 
Temp, 
°C 
100 
150 
80 
100 
80 
100 
Time, 
hours 
4 
4 
4 
4 
4 
4 
XPS 
Cls 
62.6 
78.6 
65.2 
73.4 
89.9 
83.3 
87.8 
XPS 
Fls 
35.7 
13.2 
14.7 
24.1 
7.7 
14.5 
10.2 
XPS 
Ols 
1.6 
5.5 
6.7 
XPS 
S2p 
0.7 
0.7 
XPS 
Nls 
0.1 
2.8 
13.4 
2.5 
2.4 
1.5 
1.3 
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A somewhat similar trend was observed for T-F-SWNTs. XPS data showed more 
fluorine removal from F-SWNTs when the reaction temperature was increased with 
virtually no change in the content of sulfur and nitrogen (Table 1). As in the case of G-F-
SWNTs, this is due to a higher degree of defluorination occuring with temperature 
increase from 80 to 100 °C. The measured S/N atomic ratio of 1 : 2 for T-F-SWNT 
confirms the attachment of thiourea molecules which are estimated to bond to about 1 in 
90 carbons on the F-SWNT sidewalls. 
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Figure 8. XPS Cls and Fls spectra of the functionalized SWNTs: F-SWNTs (A), U-F-
SWNTs from urea melt synthesis (B) and from DMF solution synthesis (C), G-F-SWNTs 
(D) and T-F-SWNTs (E) both prepared at 100 °C. 
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Shofher et al whose work also demonstrated increased mechanical properties of 
fiuorinated nanotubes. Due to the high electronegativity of fluorine, and the resulting F-F 
repulsion between fluorine atom substituents on different nanotubes, the fiuorinated (F-
SWNT) tubes were then able to be well separated. 
Fiuorinated nanotubes have also been the starting precursor for subsequent 
derivatization of the sidewall with other molecules, and it is these secondary reactions 
involving the substitution of fluorine atom from the sidewalls that have been utilized to 
produce C-N bond formation , free radical addition and Diels-Alder cycloaddition , 
which are summarized elsewhere.35,36 Fluorination and the secondary functionalization 
have resulted in exfoliated nanotubes that have improved properties in epoxy 7, vinyl 
ester , polyethylene , and polypropylene matrices. Chapter 2 offers additional 
methods of secondary functionalization using F-SWNTs as the precursor. Among these, a 
few new examples have been selected and studied in polymer composites in this 
dissertation, as described in Chapter 3. In Chapter 4, Radiation studies have been carried 
out on a subset of the new functionalized nanotube materials and various composite 
samples. The effect of radiation types on the functionalized nanotubes in bulk powder 
and for various composite forms have been examined as background studies toward using 
bi-functionalized nanotubes as radiation sensors and potential shielding materials. 
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For U-F-SWNTs, prepared by melt synthesis, XPS analysis yielded a much higher 
content of nitrogen (13.4 at. %) compared to only 2.8 at. % found in the product prepared 
through the DMF solution synthesis. The former has also shown an accurate (2:1) 
nitrogen to oxygen atomic ratio, as expected from stoichiometry of the attached urea 
groups, while the latter demonstrated an increased amount of oxygen compared to 
nitrogen, (Table 3) which can be related to the presence of {-NC(=0)0-}x units in the 
PolyU-F-SWNT by-product formed in DMF. The XPS elemental analysis data suggest 
that the urea melt derivative has a degree of sidewall functionalization by urea molecules 
as high as 1 in 8 carbons. 
In Figure 8A, the high-resolution XPS spectrum of F-SWNTs shows a C Is peak 
with maxima at 284.6 and 289.3 eV due to the C=C and C-F bonded carbons and a weak 
shoulder at 290-292 eV which can be attributed to the CF2 carbons. In the Cls spectra of 
derivatized F-SWNTs (Figure 8B-E) the peak of the C-F bonded carbons at 289.1 eV is 
decreased in intensity for each derivative, indicating that the amount of the bonded 
fluorine is reduced by further functionalization. The position of the Cls peak at 289.1 eV 
reflects the covalent nature of the C-F bond in the F-SWNTs and their derivatives since 
this peak is located close to the C-F carbon peak position in the spectra of fluorographite 
C2F.55 This is also confirmed by the observed position of Fls peak at 688.0 eV in the 
XPS spectra of F-SWNTs (Figure 8A) and all studied derivatives (Figures 8B-E), where 
this peak is located only slightly below the maximum value for the covalent C-F bond in 
PTFE (688.8 eV).56 
It should be noted that in the XPS Fls spectra of U-F-SWNTs, G-F-SWNTs and 
T-F-SWNTs, prepared by the DMF solution synthesis, an additional shoulder peak at 
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685.4 eV is evident. The position of this peak suggests the presence of ionic fluorine, 
most likely from HF which is a reaction by-product (Schemes 1, 2) capable of forming 
salts with the F-SWNT amide and heteroamide derivatives. The shoulder peak at 685.4 
eV shown by G-F-SWNT (Figure 8D) has an increased intensity compared to other 
nanotube derivatives due to higher basicity of guanidine compared to urea and thiourea. 
The peak due to ionic fluorine does not appear in the XPS Fls spectrum of U-F-SWNTs 
(Figure 8B) produced at 150 °C under solvent-free urea melt conditions where the HF 
evaporates. 
Thermal degradation studies were carried out under argon with continuous 
heating at 10°C/min up to 1000°C. The differential weight curve of the F-SWNT 
precursor, shown in Figure 9A, displays a single degradation peak at 528°C due to the 
removal of fluorine which is known to form CF4 as a major degradation product. The 
TGA residue of 51 wt. % was confirmed to be SWNTs that were defluorinated as 
evidenced by the decreased D peak and increased G peak intensities in the Raman 
spectrum (not shown). Urea itself was also subjected to TGA, and it was found that there 
is a two-step degradation curve for urea, showing two major peaks on DTA plot, one at 
241°C and the second at 371 °C (Figure 9 B). These peaks are due to well-known 
decomposition of urea into ammonia and isocyanic acid HNCO.51 The TGA-DTA curves 
for the U-F-SWNTs (Figure 9 C,D) also show a degradation occurring in the 200-350 °C 
temperature range with the DTA peaks shifted relatively to urea itself. This indicates that 
urea moieties are attached to the SWNTs by covalent sidewall C-N bonds which cleave in 
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U-F-SWNTs in the same temperature region as sidewall amino functionalized SWNTs. 
It was also found that DTA curve virtually lacked a peak at 400-600°C, confirming that 
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most of the fluorine was removed from the F-SWNT sidewall. Based on weight loss, it 
was estimated that about 1 in 8 carbons on the U-F-SWNT sidewall are functionalized 
with urea molecules by the melt synthesis, which is in close agreement with that 
estimated from the above XPS analysis data. However, this should be considered as an 
upper limit for the degree of sidewall functionalization by urea since PolyU-F-SWNT by-
product can also be present in the sample and contribute to weight loss during TGA. The 
TGA curves for all three F-SWNT derivatives prepared by the DMF solution synthesis at 
80 °C (Figure 9 D-F) show lower total weight loss (20-30 %) as compared to the urea 
melt synthesized U-F-SWNTs (~ 70 %). This should reflect a smaller number of amide 
and heteroamide functionalities attached to the SWNTs. The DTA curves for these 
products (Figures 9 D-F) exhibit an additional 
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Figure 9. TGA-DTA curves for (A) F-SWNTs; (B) Urea, (C) U-F-SWNTs produced by 
urea melt synthesis, (D) U-F-SWNTs from DMF solution synthesis, (E) T-F-SWNTs, 
(F) G-F-SWNTs. 
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peak at 100-190 °C which can be explained by the release of HF from salts formed by the 
amide groups. By taking into account only the weight loss occurring in the 200 - 400 °C 
temperature range due to detachment of covalently-bonded groups, the degree of sidewall 
functionalization by the DMF solution synthesis can be estimated to be about 1 in 25 for 
U-F-SWNTs, 1 in 45 for T-F-SWNTs, and 1 in 20 for G-F-SWNTs. The discrepancy of 
these numbers with the XPS based estimation is related to a difficulty in accurately 
quantifying the weight loss due to residual covalently-bonded fluorine on the F-SWNT 
derivatives. 
AFM studies have provided direct evidence for surface modification in the 
derivatized F-SWNTs as shown in Figure 10. The AFM image of the U-F-SWNT sample 
(Figure 10a), which was prepared from F-SWNTs by the DMF solution synthesis, 
showed small and large "beads" on the backbone of some nanotubes. From the cross-
section height analysis indicated by the flags in Figure 11a, the size of the nanotube with 
the side wall-attached beads was estimated to be 6.6 nm. Note that there are different size 
beads along the backbone of this and the other nanotubes seen in the image. The beads 
are most likely the result of polyurea formation producing PolyU-F-SWNT by-product. 
The presence of polyurea beads on the carbon nanotubes has also been reported in 
previous work. 48 The same AFM image (Figure 10a) shows that there are also many 
shorter-length nanotubes present in the sample without beads on the sidewalls. 
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Figure 10. AFM images and height analysis for derivatized F-SWNT samples: (a) U-F-
SWNTs from the DMF solution synthesis, (b) G-F-SWNTs, (c) T-F-SWNTs, height 
analysis across the nanotube, (d) T-F-SWNTs, height analysis along the nanotube 
backbone. 
At the same time, none of the zoomed AFM images of the G-F-SWNT (Figure 
l ib) and the T-F-SWNT (Figure llc,d) samples showed beads on the nanotubes 
indicating that polymerization reactions did not occur during the reaction of F-SWNTs 
with guanidine and thiourea. The tapping mode analysis of the cross-section profile of 
single G-F-SWNT nanotube showed a height of 1.97 nm (Figure l ib) which after 
deduction of the mean diameter value of the nanotube frame (-1.2-1.4 nm), yielded a 
reasonable size for the guanidine groups covalently attached to the sidewalls. The height 
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analysis of the T-F-SWNT single nanotube sample yields a 2.22 nm height across the 
derivatized nanotube (Figure lie) and a 0.74 nm difference measured along the backbone 
area (Figure lid). The latter value represents the approximate length of a -S-
C(=NH)NH2 group attached to the nanotube sidewalls in a stretched-out fashion. 
Although nanotubes "pearl necklaces" with covalently attached beads of 
polymerized urea were clearly observed in the AFM images, it appears that no large 
beads on the nanotubes are seen in the TEM images (Figure 11). This can be accounted 
for by the difference in the procedure of sample preparation for SEM and TEM. The 
samples for the TEM studies are prepared from the functionalized nanotubes after their 
re-suspension by sonication followed by centrifugation of the suspension and sampling of 
the top part of the suspension. The TEM image of F-SWNTs is shown in Figure 11a. The 
presence of many nanotubes still in the form of bundles should be noted. The images of 
U-F-SWNTs from melt synthesis are shown in Figure l ib . The image shows that U-F-
SWNTs are densely functionalized and more individual nanotubes can be found on this 
image than on one for the F-SWNTs (Figure 1 la). On the sidewall, there is clearly seen a 
plenty of attached molecules of urea sticking out from the nanotubes, like pine needles, as 
indicated by the black arows on Figure l ib . The presence of more single nanotubes than 
larger bundles in the TEM sample is another indication of strong intercalating nature of 
urea into the larger bundles to produce smaller bundles and singles. 
33 
Figure 11. TEM of the SWNT derivatives: (A) F-SWNTs with a scale bar of 5 run, (B) U-
F-SWNT with a scale bar of 10 nm. Black arows point at attached urea molecules on the 
sidewalls of the nanotubes. 
To examine the effect of the nanotube functional groups on the dispersion ability 
in different solvent systems, 5 mg of F-SWNTs and U-F-SWNTs were placed into a 20 
ml vial containing either pure DI water or a 5 wt. % urea in water solution. The vials 
were placed in a bath sonicator and sonicated for 15 minutes, then left to stand for an 
hour before the photograph in Figure 12 was taken. As shown in the figure, the F-
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SWNTs, due to their hydrophobic nature, do not disperse and remain on top of the water. 
However, when placed in the 5% urea solution, the F-SWNTs seem to enlarge in volume 
and migrate to the bottom of the vial. This indicates that even though urea is extremely 
soluble in water, it still can be drawn into the F-SWNT bundles to intercalate within then 
and finally to debundle them, which results in an enlarged, swollen appearance for the 
sample. It also seems that the hydrophobic nature of the F-SWNTs has been somewhat 
overcome by creating a hydrophilic coating by urea for weight of the coating sank to the 
bundle which then sink to the bottom of the vial. 
F-SWNT in U-F-SWNT in F-SWNT in U-F-SWNT in 
water water 5% urea water 5% urea water 
solution solution 
Figure 12. Photograph of F-SWNTs and U-F-SWNTs dispersed in water and a 5% 
aqueous urea solution. 
U-F-SWNTs showed much better dispersion in water compared to F-SWNTs, 
with the solution remaining homogeneous and dark in appearance and exhibiting only a 
small amount of nanotube precipitate on the bottom of the vial. The U-F-SWNTs in the 
5% aqueous urea solution seemed to produce the best dispersion, also shown in the 
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figure. This dispersion showed no precipitate, even after many months. This is an 
important result, as it could help enable applications of U-F-SWNTs for biomedical 
research in an aqueous environment. Various functionalized nanotubes have been 
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recently used in cancer research ' " and U-F-SWNTs seemingly offer an ideal 
candidate for studying SWNT interactions with proteins on surfaces of cancer cells. 
By comparison, T-F-SWNTs and G-F-SWNTs formed much less stable 
suspensions in water (not shown). However, these derivatives, as well as U-F-SWNTs, 
dispersed well in DMF and showed little or no precipitation after many weeks of 
standing. These dark solutions are shown in Figure 13. 
U-F-SWNT T-F-SWNT G-F-SWNT 
in DMF in DMF in DMF 
Figure 13. Photographs of F-SWNT amide and heteroamide derivatives dispersed in 
DMF. 
To evaluate the potential applications of U-F-SWNTs in composite systems, the 
dispersions in poly(ethylene-co-acrylic acid) (PEAA) system were also studied. Urea-
functionalized SWNTs are expected to interact with the polymer matrix and form an 
interface. The composite mixtures were characterized by DSC as shown in Figure 14. 
The neat PEAA displays two peaks at 99.3°C and 103.8°C which may be attributed to a 
highly-ordered crystalline phase and a less-ordered intermediate phase, respectively. The 
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two distinctive peaks may also imply phase separation to a certain extent. A third peak 
also appears at 54.2°C which may be ascribed to the amorphous region. In comparison, 
PEAA with 0.5% Urea-F-SWNT has a single broadened peak at 100.5 and two 
amorphous regions with peaks at 61.4°C and 81.8°C, indicating improved homogeneity 
among the amorphous, intermediate and crystalline phases due to the incorporation of the 
Urea-F-SWNT filler. 
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Figure 14. DSC thermogram of PEAA and PEAA + 0.5% Urea-F-SWNT. 
Conclusions 
In this work it was shown that F-SWNTs have been successfully functionalized 
with urea, guanidine and thiourea groups which become covalently bonded to the F-
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SWNT sidewalls as the result of partial substitution of fluorine. Covalent bonding has 
been confirmed by the use of several characterization techniques that showed that the 
local environment of the fluorine atoms has been modified through these newly-
developed functionalization methods. Raman spectra have shown shifts in the D peak 
indicating that additional groups have been attached to the sidewall. Also, decreases in 
the D peak intensities correlate with the thermal defluorination and recovery of the sp 
C=C bonds between the sites of C-X (X=N, S) bonding of the new derivatives. FTIR 
spectra have indicated the presence of the characteristic bands of the amide and 
heteroamide groups as well as decreased intensity of the peaks due to C-F stretching. 
TGA-DTA weight loss curves confirm that fluorine in the F-SWNTs has been mostly 
removed and displaced by urea, guanidine and thiourea to produce bi-functionalized 
SWNT derivatives. XPS analysis data have also confirmed the derivatization of F-
SWNTs and residual fluorine presence which depended on the functionalization method 
and reaction conditions used. AFM has shown that urea can form beads of polyurea on 
the SWNT sidewall when F-SWNTs are derivatized through the DMF solution method. 
TEM imaging has directly observed urea molecule moieties along the sidewalls of the 
derivatized F-SWNTs. The dispersion of the new SWNT derivatives, U-F-SWNT, T-F-
SWNT, and G-F-SWNT, in water and DMF has been investigated and stable suspensions 
produced. Very good dispersions of U-F-SWNTs in aqueous solution have also been 
demonstrated. From the synthetic chemistry point of view, the development of the 
solvent-free, one-step urea melt synthesis will add to the number of "green chemistry" 
methods for functionalizing nanotubes. The new synthetic methods help to create new 
bifunctionalized nanotubes in a simple manner. The ability to disperse the new 
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derivatives in aqueous solutions may generate new research aimed at biological 
applications of urea-, thiourea- and guinidine-functionalized SWNTs. 
The Silane Derivatives: APTES (APTES-F-SWNT), N6 (N6-F-SWNT), 2amino ethyl 
(2AE-F-SWNT) 
Introduction 
Silanes have been used as coupling agents in polymers63"69 and in biomedical70 
applications. A typical organosilane has three components: the organo-functional group, 
the linker, and the hydrolyzable group. These components are depicted in Figure 15. 
Linker length plays an important role on potential reactivity of the functional group and 
the particular application. Shorter silanes have been used in various polymer studies as a 
linker between glass fibers and the polymer matrix.38 Recently, the use of silanes and 
carbon nanotubes with polymer matrices has been explored for enhancement of 
mechanical properties 63-65,67,68 
VHydrolyzable groups 
Linker with 
length n 
Organo-functionalized 
group 
Figure 15. General structure of a silane. 
Materials and methods 
Amino propyltriethoxy silane (APTES) was purchased from Aldrich. Two other 
types of silanes were purchased from Gelest: N-(2-Aminohexyl)-3-
aminmethyltriethoxysilane (N6) and N-(2-AminOethyl)-3-aminopropyltrimethoxysilane 
(2A). APTES has three carbon atoms between the primary amine group and the Si atom. 
2A and N6 have two amino groups and five and seven carbon atoms, respectively, 
between the primary amino group and the silicon atom as shown in Figure 16. 
a) H2N b) H2N c) H2N 
d ° 
> ^ 
vC NH 
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Figure 16. The Silanes: a) APTES, b) 2A, and c) N6 
F-SWNTs were reacted with each silane with a few drops of pyridine present and heated 
to 90°C for three hours. The mixtures were cooled down to room temperature, and 
washed repeatedly with ethanol, and dried for eight hours in a vacuum oven at 70°C to 
remove any residual solvent. The reactions are depicted in Figure 17. 
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Figure 17. Reaction schematics of F-SWNTs and the three silanes. 
Results and discussion 
Figure 18 displays FTIR spectra of the silane functionalized F-SWNTs. The use 
of pyridine catalyst has been used before in fluorine substituting reaction with amino 
groups and have had similar FTIR features as the silanes here.41 A broad peak in the 
3 3 00-3 700cm"1 region displayed by all three spectra is related to moisture absorbed on 
KBr which was used to prepare FTIR pellets. In the spectra of all three alkylated 
fluoronanotubes, the peak at 2923 cm"1 corresponds to C-H stretches of the alkyl chains.33 
The low intensity peak at 750 cm"1 is assigned to C-H bending motions. Strong absorption 
bands at 3400-3430 cm"1, attributed to the N-H stretches, are also seen. Medium intensity 
or shoulder bands appearing in the spectra at 1500-1350 cm"1 region are due to anti-
symmetric C-N stretching vibrations coupled with the out-of-plane NH2 and NH modes. 
The band of the stretching mode of residual sidewall C-F groups is significantly weaker 
in the spectra of derivatized F-SWNTs because of removal of substantial amount of 
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fluorine through both the substitution reaction, as well as partial defluorination reactions 
of the F-SWNTs. As a result, this band only appears as a shoulder on a broader band in 
the 1200-950 cm"1 region. Besides C-F stretching modes, out-of-plane NH and NFfe and 
symmetric C-N stretching vibrations also contribute to the observed high-intensity of this 
band. The H3C-Si-0-R at 1270 cm"1 is within the broad bands of all three silanes, and is 
weaker for secondary alky groups compared to primary methyl groups. The broad band 
from 1000-1130 cm"1 is assigned to Si-O-Si group71 and is broadened due to the siloxane 
chains becoming longer and branched, similar to the situation in polymerized silanes. 
N6-F-SWNT 
2A-F-SWNT 
AP-F-SWNT 
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Figure 18. FTIR of silane derivatives: N6-F-SWNT, 2A-F-SWNT, and AP-F-SWNT 
Raman spectra for the silane-functionalized derivatives are shown in Figure 19. 
There is a significant decrease in the D:G ratio for all derivatives, and these ratios are 
listed in Table 4. The most significant reduction in the D:G ratio was with the 2A and N6 
silanes. 
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Figure 19. Raman spectra of the silane derivatives: N6-F-SWNT, 2A-F-SWNT, and AP-
F-SWNT, with F-SWNT as a reference. 
Table 4. D:G ratio of silane derivatives. 
Sample Name 
F-SWNT 
APTES-F-SWNT 
N6-F-SWNT 
2A-F-SWNT 
Raman 
DPeak 
Position 
(cm"1) 
1293 
1294 
1292 
1298 
Raman 
DPeak 
Intensity 
1160 
1393 
680 
3022 
Raman 
GPeak 
Position 
(cm"1) 
1580 
1589 
1589 
1587 
Raman 
GPeak 
Intensity 
892 
1720 
1068 
4972 
D:G 
Ratio 
1.3 
0.81 
0.64 
0.61 
XPS of the Cls of the precursor, F-SWNT, is shown in Figure 20, and the CI s 
and Nls spectra of the silane derivatives are shown in Figure 21. The Cls high resolution 
spectra of the silane derivatives showed a significant reduction in the 291 eV peak 
compared to the F-SWNT precursor. The atomic% of Cls, FIs, Nls, Ols, and Si2p for 
the derivatives and the F-SWNT precursor are listed in Table 5. The silane derivatives 
had a remarkable reduction of fluorine content from 35.7% to 11.6, 7.1, and 3.4at.% with 
the AP, 2 A, and N6 silanes respectively. To see the effect of using heat on the silane 
reactions, one reaction with F-SWNT and APTES was done without heat and the XPS 
results are shown in Table 5 as well. Note, that the amount of F at.% does decrease in the 
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non-heated reaction and there is some nitrogen and silicon atoms present but not to the 
degree when heat is used in the reaction. Therefore, heat is required for a higher yield of 
silane molecules to covalently bond to the nanotubes. It was noted that the expected Si/N 
ratio of 1.0 of the starting structure was close for the XPS ratio of Si/N atomic percent, 
however, the ratio deviated for N6. Thus it is possible that the N6 silane, had cleaved at 
the second nitrogen during the polymerization, since the Nls for N6-F-SWNT showed 
less than a 1:1 ratio of Si:N. For the N6 structure, a Si/N ratio of 0.5 is expected, 
however, a calculated ratio of 2.1 is found. This indicates a greater than expected 
presence of Si. "While linker length can have an effect on the ability of NMR to detect 
groups closer to a substrate72, XPS should show the appropriate corresponding ratio, 
regardless of linker size, unless there was a high degree of cross-linking between the 
silane molecules creating a dense, extensive polymerized network which surpassed the 
lOnm detection of XPS. 
Table 5. XPS elemenl 
Product 
F-SWNT 
AP-F-SWNT 
N6-F-SWNT 
2AE-F-SWNT 
AP-F-SWNT-NH 
al analysis data (at 
Cls 
62.6 
60.3 
52.0 
59.9 
62.8 
Fls 
35.7 
11.6 
7.1 
3.4 
20.5 
. %) of th 
Nls 
0.1 
6.4 
4.4 
12.1 
3.5 
e derival 
Ols 
1.6 
15.5 
27.4 
17.1 
10.0 
ized F-SWNT m 
Si2p 
0.0 
6.2 
9.2 
7.5 
3.7 
Si/N 
— 
0.97 
2.1 
0.62 
1.1 
It is interesting to note the peaks within the deconvoluted Nls spectra for the three 
derivatives in Figure 22. Even though the ratio of Nls is far less than the expected 
stochiometric ratio for N6, it can be seen that the majority of the peak is around 300eV 
which can be assigned to NH2, as previously observed for different silanes on glass 
surfaces. 
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Figure 20. XPS of Cls of F-SWNT. 
Where as, the majority of the peaks for the other products correspond to 400eV which is 
attributed to protonated amines. Previous work has overwhelmingly proven that amino 
groups substitute and add to the sidewalls of F-SWNT. In the present work, it is possible 
therefore that further reactions involving the secondary amine of the N6-F-SWNT 
product. 
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Figure 21. XPS of CIs and Nls spectra of the silane derivatives: a) N6-F-SWNT, b)2A-
F-SWNT, c)AP-F-SWNT, and d) AP-F-SWNT-NH. 
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Polymerization of N6 could occur under heated Vacuum, and from XPS, it would appear 
that there is a higher degree of polymerization for N6 when compared to the other 
derivatives, since it is N6 that shows that greatest amount of Si At. %. 
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Figure 22. XPS de-convoluted Nls spectra of N6-F-SWNT, 2A-F-SWNT and AP-F-
SWNT. 
TGA of the silane-functionalized SWNTs showed varying degrees of 
functionalization, and the thermograms are shown in Figure 23. AP-F-SWNT had a 48% 
residual weight, which meant 52% by weight of sidewall substituents were removed 
during heating. A TGA residue of 48 wt. % and the lack of any significant weight loss in 
the 400-600 °C regions helps to substantiate the idea that F-SWNTs were defluorinated 
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as evidenced by the decreased D peak and increased G peak intensities in the Raman 
spectrum. Different degrees of cross linking and polymerization of the siloxanes could 
also account for varying weight losses. The N6-F-SWNT sample had the least amount of 
residual weight, 37 wt.% by 800°C. This can be explained by the fact that the bulkier 
silane adds less to the sidewalls, similar to how there are less long chain alkanes add to 
the sidewall. One reason may be due to steric hindrance of the bulkier molecule adding 
onto the nanotube. It is interesting to note that unlike AP-F-SWNT, both 2A and N6 
show a peak in the 400-600°C range where fluorine would be covalently bonded to the 
sidewall, even though XPS indicated the least amount of fluorine for these two 
derivatives. 
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Figure 23. TGA-DTA data for the silane derivatives: a) AP-F-SWNT, b) 2A-F-SWNT, 
andc)N6-F-SWNT. 
This work had shown preliminary results about the functionalization of F-SWNTs by 
three different types of silanes. It is hoped that these new materials will offer future 
potential applications in polymer science and even biomedical applications. 
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The Amino Acid Derivatives 
Introduction 
Single-walled carbon nanotubes (SWNTs) with amino acids have been recently 
researched. ' ' This work describes proline and serine amino acids that are covalently 
attached to sidewalls to give new SWNT/amino acid constructs. These nanotube-amino 
acids (proline and serine) have been prepared starting from solutions of fluorinated 
SWNTs (F-SWNTs) and amino acids in o-dichlorobenzene and heating at 80-150 °C in 
the presence of pyridine, a well known catalyst from previous work.32'41 The syntheses 
were carried out with the F-SWNTs of approximately C2F stoichiometry and the two cc-
amino acids L-serine ethyl ester hydrochloride giving (S-F-SWNT) and trans-4-hydroxy-
L-proline giving (P-F-SWNT). The SWNT/amino acid constructs have been 
characterized by Raman and FTIR spectroscopy, atomic force microscopy (AFM), and 
thermal gravimetric analysis (TGA). Based on TGA data, the degree of sidewall 
functionalization in the derivatives was estimated to be in the range of 1 in 8 amino acid 
groups to 32 carbon atoms, depending on the amino acid and the reaction temperature 
used. The amino acid-functionalized SWNTs, prepared in this work, might be valuable 
model compounds for SWNT-peptide synthesis and targeted drug delivery by such 
SWNT-peptide constructs. 
Materials and methods 
The fluorinated SWNTs (F-SWNTs) of approximately C2F stoichiometry used in 
this study were provided by Carbon Nanotechnology, Inc. The amino acids L-serine and 
L-proline, each in the form of ethyl ester hydrochloride, were purchased from Aldrich. 
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The procedure started with 20 mg of F-SWNTs that were sonicated in 50 ml of o-
dichlorobenzene (ODCB) for 30 minutes, then 200-500 mg of the amino acid material 
and 5 drops of pyridine (Py) were added and the mixture was stirred for 3 hours under 
heating at temperatures ranging from 80 to 150 °C. The reaction products were washed 
with ethanol on a 0.2 um PTFE membrane, the precipitate was sonicated in a large 
amount of water, then filtered to remove by-products and excess amino acid and finally 
dried at 70 °C in vacuum oven overnight. The FTIR, Raman, TGA, and AFM methods 
were used for characterization of functionalized SWNT samples. 
The functionalizations of fluoronanotubes (F-SWNTs) with the amino acid 
reagents, L-serine ethyl ester hydrochloride, and trans-4-hydroxy-L-proline, are depicted 
on Schemes 3 and 4. The amino acids react with the fluoronanotubes to form C-N bonds 
through the amino group, eliminating HF in the process, and yielding carbon nanotube 
products that are functionalized with proline (P-F-SWNT) and serine (S-F-SWNT) to 
produce SWNT-amino acids constructs. 
Scheme 3. Reaction of F-SWNT with L-serine ethyl ether hydrochloride 
- [ F ] , + HjNCHOQCOOR1 
Py, 80-150 °C, 3hra 
o-dshlorobeiMBne 
-HF 
I R = C H J O H ; R ! = C,H5 
§-{HNCH(R)COOH}y 
[Fix., 
R=CH,OH 
F-SWNT 
x> y 
Scheme 4. Reaction of F-SWNT with trans-4-hydroxy-L-Proline 
O H PjP,100°C,31m 
1 /~~~~t^ o-dichbrobenzene 
H n + HNM 
COOH -HF 
F-SWNT 
OH 
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It is expected that HF, generated as a byproduct, will be bound into a salt by 
pyridine when the reaction temperature is held at 100 °C or below. Under these 
conditions, the SWNT derivatives will preserve the amino acid-protecting ethyl ester 
terminal groups in the form of a hydrochloride salt. However, at higher temperatures 
(130-150°C) ester deprotection can occur yield a terminal carboxyl groups on the 
functionalized derivatives. In these cases, displacement of fluorine on F-SWNTs by these 
amino acids can proceed at temperatures as low as 80-90 °C. 
Results and discussion 
The reaction of F-SWNTs with serine produces SWNT derivative in which its 
D-mode Raman peak is decreased in intensity and shifted to 1298 cm"1 (Figure 24B) with 
respect to F-SWNT. The increase in the position of the G-mode peak (to 1580 cm"1) is 
also observed. Similar changes are noted in the Raman spectrum of the SWNT product 
obtained through the reactions of F-SWNTs with proline. The shift in the position of D 
peak in the spectra of derivatized F-SWNTs indicates that, besides fluorine, other groups 
are also covalently attached to the sidewall. The decreased intensity of the D peak is due 
to the reduction in the number of sp3 C-C bonded carbons, as most of the fluorine atoms 
are removed from the sidewall and partially substituted through the sidewall C-N 
covalent bond formation.41 Attaching the amino acid groups results in some recovery of 
sp2 bonds between the sites of sp3 C-N attachment and partial restoration of aromatic n-
electron conjugation and graphene symmetry along the sections of the sidewall. This is 
reflected by increase in the intensity of G-peak at 1580-1582 cm"1 in the Raman spectra 
of both amino acid-SWNT products. 
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Figure 24. Raman spectra of amino acid functionalized SWNTs: (A) S-F-SWNTs and (B) 
P-F-SWNTs. 
The IR spectrum of S-F-SWNT synthesized at 100 °C, shows distinguishable 
bands of ethoxycarbonyl group in the 2800-3000 cm"1 and 1000-1500 cm"1 region and at 
1712 cm"1 of L-serine moiety attached to the SWNT (Figure 25a). These bands do not 
appear in the spectrum of S-F-SWNT synthesized at higher temperature (150 °C) which 
helps to remove most of the fluorine from SWNT sidewalls and also removal of ethyl 
ester protection from L-serine moiety. This does not seem to be the case for P-F-SWNT 
derivative prepared through reaction of F-SWNT with trans-4-hydroxy-L-proline at 100 
°C (Scheme 4). Broad peaks observed in the spectrum of 2d (Figure 25c) in the 3000-
3250 cm"1 range and at 1710 cm"1 most likely characterize the O-H and C=0 stretches of 
the neutral form of amino acid hydroxy-proline group. The sidewalls still carry a 
considerable amount of covalently bonded residual fluorine which is indicated by 
observed shoulder due to the C-F stretch on a high-intensity absorption band of the C-0 
stretch with a maximum at 1080 cm'1 (Figure 25c). 
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Figure 25. ATR-FTIR spectra of functionalized SWNTs: S-F-SWNTs, obtained at 
reaction temperature of 100 °C (a) 150 °C(b) 90 °C P-F-SWNT (c). 
Thermal degradation studies of amino acid-functionalized SWNTs were carried 
out in argon flow environment under continuous heating at 10°C/min up to 1000°C. The 
obtained TGA-DTA diagram are shown in Figure 26. The observed total weight loss of 
about 35% on the TGA-DTA plot for the S-F-SWNT derivative, synthesized at 100 °C, is 
contributed by about 25% weight loss of L-serine ethyl ester hydrochloride moiety in the 
180-500 °C temperature range and residual fluorine ( ~ 10%) at higher temperatures 
(Figure 26b). These data yield a related amino acid R/C ratio of 1 in 36 carbon atoms. 
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This ratio increases to as high as 1 in 10 carbon atoms in S-F-SWNT derivative 
synthesized at higher temperature (150 °C) due to a more efficient displacement of 
fluorine on the SWNT sidewalls and its complete removal and also removal of ethyl ester 
protection from L-serine moiety. This is indicated on the TGA-DTA plot (Figure 26c) by 
a weight loss of 47% entirely occurring in the 180-300 °C temperature range due to 
evaporation of only L-serine amino acid group. However, the TGA for the P-F-SWNT 
derivative (Figure 26c) shows a degradation occurring over a broader (200-600 °C) 
temperature range which is also indicated by three peaks on DTA plot. Two peaks, at 274 
and 444 °C, are related to the loss of proline moiety from the SWNT. The higher 
temperature peak, observed at 527 °C, is evidently due to loss of fluorine which 
according to FTIR is present in notable amount. By taking into account only the weight 
loss occurring in the 200-490 °C temperature range due to detachment of covalently 
bonded amino acid groups, the degree of sidewall functionalization by proline can be 
estimated as approximately 1 in 32 carbon atoms. 
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Figure 26. TGA-DTA diagrams obtained in argon for amino acid-functionalized SWNTs: 
S-F-SWNTs, prepared at reaction temperatures of 100 °C (a) 150 °C (b), P-F-SWNT(c). 
In this work it has been shown that proline and serine derivatized SWNTs can be 
successfully prepared from fluoronanotubes through a one-step substitution reaction of 
fluorine. 
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Fluorinated alkylated chains (F-SWNT-CiiFxHy) 
Introduction 
In this work, SWNT have been studied: SWNT, F-SWNTs, a subset of these F-
SWNTs was then further reacted with lauroyl peroxide to result in an alkylated nanotube 
(F-SWNT-C11H23). To see if further fluorination would increase repulsion and further 
increase the amount of individualized SWNT, a new derivative was created by using the 
F-SWNT-C11H23 as a precursor which were then refluorinated to produce a perfluorinated 
SWNT, (F-SWNT-CnFxHy) a new fluorinated derivative with x, y < 23. 
Materials and methods 
The HiPco SWNTs were obtained from the Carbon Nanotechnology Laboratory 
at Rice University, while the F-SWNTs were acquired from Carbon Nanotechnology, Inc. 
F-SWNTs were then bi-functionalized through the sidewall addition of long chain C11H23 
alkyl radicals yielding a (F-SWNT-C11H23) derivative according to previously published 
method utilizing lauroyl peroxide as free radical precursor. The F-SWNT-C11H23 
derivative was then re-fluorinated at room temperature for half an hour to convert the 
long chain alkyl groups on the sidewall into perfluorinated alkyl groups to produce the 
new fluorinated derivative, (F-SWNT-CnFxHy). 
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Results and discussion 
The FTIR spectra provide structural information on the functional groups present 
on the surface of the SWNTs before and after fluorination. Figure 27 displays FTIR 
spectra of the three F-SWNT samples. A broad peak in the 3300-3700CH1"1 region shown 
on all three spectra is related to moisture absorbed on KBr which was used to prepare 
FTIR pellets. In the spectrum of the F-SWNT sample the absorption band of the C-F 
stretch appears at 1204 cm"1, while the band of activated sidewall C=C stretches appears 
near 1536 cm"1. In the spectrum of alkylated fluoronanotubes, Figure 27b, the peak at 
2923 cm"1 corresponds to C-H stretches in alkyl chains. The low intensity peak at 750 cm" 
1
 is related to C-H bending modes. 
The alkylated fluoronanotubes, F-SWNT-C11H23, were fluorinated at room 
temperature for 20 min to facilitate substitution of hydrogen by fluorine on the alkyl 
chains with the formation of the product designated as F-SWNT-CnFxHy. Thus, some of 
the hydrogen atoms were replaced by fluorine atoms which is supported by FTIR spectra 
of alkylated-fluorinated nanotubes in Figure 27. Both CH2 peaks at 2920 and 750 cm"1 
disappeared after fluorination which indicated that there was some of conversion of C-H 
into C-F units. 
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Figure 27. FTIR spectra of: a) F-SWNT-CnFxHy, b) F-SWNT-CnH23 and c) F -SWNT. 
Raman spectra of functionalized SWNTs are shown in Figure 28 below. TheD:G 
ratio of F-SWNTs decreases from 1.04 to 0.44 for the alkylated fluorinated derivative 
and slightly increases to 0.53 with the perfluorinated derivative. It is shown that after 
room temperature re-fluorination of the F-SWNT-C11H23, there is a shift of six wave 
numbers in the D peak, which would indicate that there is some additional moiety on the 
sidewall of the nanotubes as a result of the re-fluorination. 
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Figure28. Raman spectra of a) F-SWNT-CnFxHy, b) F-SWNT-CnH23 and c) F-SWNTs. 
^-NMR spectra of the fiuorinated-alkylated nanotubes are shown on Figure 29. 
F-SWNT-Ci 1H23 in Figure 3a, has one peak at 0.857 ppm and another at 1.237 ppm. 
These peaks correspond to methylene groups and a methyl group respectively, 
corroborating the attachment of alkane groups to the SWNT. F-SWNT-CnFxHy in 
Figure 3b shows, in addition of these two peaks, the new down fielded peak at 1.391 ppm 
which indicates the partial replacement of hydrogen in some methylene groups by 
fluorine, therefore the 1.237 ppm peak decreases in intensity. This 1.391 ppm shift 
corresponds to hydrogen atoms directly bonded to carbon atoms that are adjacent to C-F 
bonds. So the conversion of C-H to C-F was not complete but most likely the number of 
fluorine atoms is less than 23 because earlier work showed the weight of the attached 
alky group was equivalent to -C11H23, therefore, with the re-fluorination, the presence of 
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the peak corresponding to methyl groups still infer that there are -CH bonds still present 
due to the incomplete conversion of-CH to -CF. 
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Figure 29. 'H-NMR spectra of a) F-SWNT-C, iH23 and b) F-SWNT-d iFxHy 
The XPS elemental analysis data for the fiuorinated derivatives are listed in Table 
3. They show that the fluorine content had increased from 37.4% in F-SWNTs and 33.5% 
in F-SWNT-CnH23 to 41.0 % in the perfluorinated nanotubes (F-SWNT-CnFxHy) while 
the carbon content correspondingly decreased, as listed in Table 6. The changes in the 
atomic C and F content can be accounted for the observed differences in the high 
resolution Cls XPS peaks of fiuorinated derivatives. The de-convoluted spectra of the 
fiuorinated SWNTs are shown in Figure 30. The main difference in these spectra, consist 
in the peak at 288.32eV shown in Figure 30b, which characterizes the CF-C units and is 
observed only in F-SWNT-C11H23. Note that there is a downward shift of the C-C peak 
from the F-SWNT from 284.8 to 284.56eV in the alkylated derivative. This downward 
shift could be attributed to the non-perfluorinated carbon species of CH2 which was 
previously seen at 284.2eV.75 There is also a notable increase in intensity of the peak of 
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CF-CF„ carbons at 289.2 eV relatively to the peak of C-C carbons at 284.6 eV in the 
spectrum of F-SWNT-CnFxHy derivative in Figure30c which corresponds to the 
increased atomic % content of fluorine in the perfluorinated nanotubes listed in Table 3. 
XPS CI s of a Teflon sample is also shown in Figure 30d as a reference for the absence of 
any alkyl chains present, note that there is an increased intensity for the CH2 peak in the 
perfluorinated sample compared to the Teflon sample in which it is strictly perfluorinated 
chains. 
Table 6. XPS elemental analysis data (atomic %) of SWNT samples. 
Sample 
F-SWNTs 
F-SWNT-C11H23 
F-SWNT-CnFxHv 
Cls 
62.6 
63.6 
56.6 
Fls 
37.4 
33.5 
41.0 
Ols 
1.7 
2.8 
2.4 
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Figure 30. De-convoluted XPS Cls spectra of a) F-SWNTs b) F-SWNT-CnH23 and c) F-
SWNT-CnFxHy and d) Teflon sample, all samples marked with the proposed peak 
assignments 
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Symagis software was used to analyze the height and length of the SWNTs from 
AFM images. The results of these measurements are shown in Table 7. In AFM, 
individual SWNT height is approximately equal to tube diameter. The calculated standard 
error for each measured length and height for all carbon nanotube samples are listed 
below in Table 7. Underivatized HiPCO SWNTs show a greater aspect ratio than the 
fluorinated derivatives. This is most likely due the specifics of the fluorination process 
used by the supplier which may have shortened the SWNTs. These F-SWNTs are used to 
further derivatize their sidewalls, AFM data was obtained on the fluorinated SWNT 
derivatives. 
For the nanotube analysis (AFM height less than 1.5nm to indicate an individual 
SWNT, not a bundle), the alkylated and room-temperature fluorinated SWNT 
derivatives, an increase in the nanotube height is observed. This is reasonable since the 
alkylation will add to the diameter of the nanotube with the undecyl chains wrapping 
around the nanotube. This "wrapping" has been observed was seen previously. With the 
perfluorinated nanotubes, the repulsive effect of the perfloroalkyl chains from the 
residual fluorine groups on the sidewall of the SWNT would result in an increased height 
compared to the alkylated SWNT, and this is what was obtained by AFM analysis. 
For the rope analysis (AFM height greater than 1.5nm to indicate more than one 
SWNT, a bundle), an overall decrease in the rope height of the fluorinated derivatives is 
observed. When the sidewalls of the F-SWNTs are further functionalized with alkyl 
chains, the chains wrap the nanotube, which separates the nanotube from others in the 
rope and exfoliated the rope, resulting in smaller bundles. As alkylated nanotubes are 
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ratios under 50. This is due to the effect of the sidewall functionalities creating exfoliated 
bundles and a greater distribution of aspect ratios. 
Figure 33. Histogram of F-SWNT-C11H23 correlated aspect ratios. 
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Figure 34. Histogram of F-SWNT-CiiFxHy correlated aspect ratios. 
To visually demonstrate the effect of functionalization on rope height, the four 
SWNT situations are depicted in Diagram 1. The F-SWNT bundle is notably shorter than 
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fluorinated, these fluorine atoms from perfluoroalkyl chains would then would then be 
repelled from the residual fluorine atoms that are bonded to the sidewall. This results in 
additional repulsion of SWNTs from each other and exfoliation of the rope, making ropes 
in this case even smaller than those of both F-SWNTs and F-SWNT-CnH23. In Table 7, 
the AFM analysis shows an average rope-bundle height of 16.69, 9.32, and 5.41 for F-
SWNTs, F-SWNT-CiiH23, and F-SWNT-CnFxHy respectively. The average correlated 
aspect ratio is calculated from individual tube or rope length and height as identified by 
Symagis. 
Table 7. AFM heigh 
Nanotube 
HiPCO 
F-SWNTs 
F-SWNT-C11H23 
F-SWNT-CiiFxHv 
t and length analysis data: 
Ave Tube 
Length (nm) 
418.06±38.87 
268.17±15.96 
265.66±10.02 
293.95±7.86 
Ave 
Tube 
Height 
(nm) 
0.99±0.04 
0.97±0.04 
1.03±0.02 
1.06±0.01 
or nanotubes 
Ave 
Correlated 
Aspect 
Ratio of 
Tubes 
444.65 
313.28 
283.53 
295.97 
. 
Ave Rope 
Height (nm) 
7.75±0.34 
16.69±0.98 
9.32±0.26 
5.41±0.13 
Ave 
Correlated 
Aspect 
Ratio of 
Ropes 
170.98 
40.29 
71.36 
92.71 
According to these calculations, the average aspect ratios of F-SWNT-C11H23 and 
F-SWNT-CnFxHy derivatives were lower than that of F-SWNTs. 
The percent distributions of the correlated aspect ratio for the different SWNTs 
are shown as histograms in Figures 31-34. In Figure 31, 30% of the SWNTs had aspect 
ratios < 50, while78% of F-SWNTs in Figure 32 had aspect ratios < 50. 
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Figure 31. Histogram of SWNT-correlated aspect ratio. 
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Figure 32. Histogram of F-S WNT-correlated aspect ratios. 
A greater range of correlated aspect ratios is seen with further functionalization of 
F-SWNTs. For example, in Figure 33, for F-SWNT-C11H23, only 31% of the nanotubes 
have the aspect ratios under 50, and in Figure 34, 12% of F-SWNT-CnFxHy have aspect 
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the SWNT bundle and the F atoms on the sidewalls represents fluorine atoms. As the F-
SWNTs are subsequently derivatized with alky chains and perfluorinated chains, the 
ropes become thinner. This is due to the exfoliation effect of the sidewall 
functionalization which increases the height of the nanotube and at the same time creates 
repulsion from other nanotubes, resulting in a thinner rope. The black lines on the F-
SWNT-C11H23 figures in the diagram represents the alkyl chains and the somewhat 
straighter black lines in F-SWNT-CnFxHy represent the perfluorinated chains. The 
diagram of F-SWNT-CnFxHy appears to be the thinnest, which is representative of the 
AFM rope height discussed above. 
F F F 
SWNT F-SWNT F-SWNT-C,,^ F-SWNT-CnFxHy 
Diagram 1. Exfoliation effect of functionalization on rope height of the SWNT 
materials. 
AFM analysis also revealed a large number of particles present in all fluorinated 
SWNT samples and their derivatives. These particles were too short to be recognized by 
the Symagis software as either tubes or ropes, since they are in the range of 20-50nm in 
length. It is believed that these particles are either shortened F-SWNTs or amorphous 
carbonaceous materials. Earlier work has shown that heating F-SWNT results in cut-
SWNTs in which 80% were measured to be less than 60 nm.23 Regardless, it is clear that 
the effect of these agglomerates of shortened particles, in the nanotube samples, would 
effect the mechanical properties of polymer composites derived from such SWNT 
materials.76 
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Thermal gravimetric studies of functionalized SWNTs were performed in an 
argon flow environment under continuous heating at 10°C/min up to 800°C. The 
differential weight curve of the starting material, F-SWNTs in Figure 35a, shows a single 
peak at 527°C due to thermal degradation through the removal of CF4 as observed 
previously. The denvative curve for F-SWNT-C11H23 in Figure 35b, shows three peaks 
at 160°, 282°, and 471°C, which could be due to the step-wise decomposition and of 
alkyl chains. Note that for the F-SWNT-C11H23 sample, there is 10% less weight loss due 
to defluorination at about 525 °C than for F-SWNTs. This reduced weight loss is 
attributed to fewer fluorine atoms on the sidewalls, due to the substitution of F atoms by 
•C11H23 radicals. The differential curve for F-SWNT-CnFxHy in Figure 35c has only a 
single peak at 533°C which would be due to the detachment of both the perfluorinated 
chains and CF4 molecules from the sidewall. Since it takes more heat to decompose this 
sample this new perfluorinated derivative offers a slight thermal stability compared to the 
composite with only F-SWNT or F-SWNT-CnH23. 
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Figure 35. TGA of a) F-SWNTs, b) F-SWNT-CnH23, c) F-SWNT-CnFxHy. 
In summary, F-SWNTs have been derivatized with long chain alkane chains which 
were then perfluorinated and the derivatives have been fully characterized. 
CONCLUSIONS 
F-SWNT have been further derivatized with urea, guanidine, thiourea, APTES, 2 A, N6, 
proline, serine, and converting long chain alkanes to perfluorinated chains. These new 
derivatives have wide applications in polymer composites and biomedical applications. 
These applications also have an impact for potential space applications for structural 
materials. To test this, a subset of these functionalized nanotubes has been selected for 
even further derivatization for use as a coating, the others were used as fillers for 
nanocomposite studies, these applications will be discussed in Chapter Three. 
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CHAPTER 3. APPLICATIONS 
Out of the new derivatives described in Chapter 2, a subset was chosen for further 
studies in coating and composites for potential radiation materials. For the coating, Urea-
F-SWNT was further reacted with fluorinated nano-diamond to produce Urea-F-SWNT-
F-ND (NT-ND) and was studied by TEM. NT-ND was then coated to a glass surface 
through a slightly modified published procedure and the AFM results are discussed.77 
For the composite studies, lwt% SWNT and F-SWNT were used in nylon fibers in which 
alignment and mechanical properties were studied using tensile test, DSC, SEM, and 
Raman spectroscopy. For high density polyethylene, 5wt% of SWNT, F-SWNT, and F-
SWNT-C11H23 was used as fillers and examined by DSC. For medium density 
polyethylene, lwt% of SWNT, F-SWNT, F-SWNT-CnH23, and F-SWNT-CnFxHy were 
used as fillers and tensile test, SEM, Raman spectroscopy, DSC, and TGA were used to 
study these composites. Finally, polyethylene with 5wt% acrylic acid was filled with 
0.5wt% of Urea-F-SWNT, lwt% SWNT, F-SWNT and characterized by Raman and 
DSC. 
Instrumentation 
To study and compare the bonding changes in carbon nanotubes within polymer 
composites, Raman spectra were taken with a Renishaw Microraman system operating 
with a 780 nm AlGaAs diode laser source. General dispersion of functionalized carbon 
nanotubes and fracture surface of fabricated polymer samples were imaged by using 
Scanning electron microscopy (SEM) FEIXL30. Thermal gravimetric analysis (TGA) 
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was carried out for studying the thermal stability of the new products and estimating the 
degree of SWNT functionalization through observed weight loss and shift in derivative 
peaks. TGA analyses of the products were done in an inert environment using pre-
purified argon gas with a Thermal Advantage TA-SDT-2960 TGA-DTA and TA Q5000 
using a platinum lOOul pan at a heating rate of 20°C in the 35°- 750°C temperature 
range. Differential scanning calorimetry (DSC) thermograms were acquired at 35° to 
200°C using a TA Q2000-0578 analyzer at a heating rate of 20°C/min. Mechanical 
properties were tested by tensile strength measurements on an Instron 4505 Universal 
Testing System with a 5 kN load cell. 
Urea-F-SWNT with F-nano-diamond for coatings 
Introduction 
7ft ft I f\ 10 1 ft R9 
The studies of nanodiamonds and nanotubes ' ' ' have been of interest for their 
respectively unique qualities and combined structure . Recently, methods to 
functionalize nanotubes32'41 and nanodiamonds84 with amino groups have been explored. 
This idea was inspired from drawings of flowers and leaves on a long winding stem. The 
leaves represent diamonds and the long winding stem, a nanotube. To have a nano 
material that would be both exceptionally strong and hard would be to covalently bond 
the nanodiamonds to the nanotubes. The successful incorporation of nano diamond onto 
the sidewall of nanotubes through a urea linker is shown here. Fluorinated single wall 
nanotubes (F-SWNT) were acquired from CNI Inc. and were then derivatized with urea 
(Urea-F-SWNT) according to established procedure.41 
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Materials and methods 
The nanodiamonds were acquired from Nanostructured and Amorphous Materials 
Inc. and fluorinated (F-ND) in the laboratory by direct fluorination according to 
O f 
previously published procedure. 50mg of each, F-ND and Urea-F-S WNT were 
sonicated in 100ml of dimethylformamide (DMF) each. The Urea-F-S WNT DMF 
solution was placed in a three-neck flask and 10 drops of pyridine were added. The F-
ND DMF solution is added to the stirred solution in 10ml increments every five minutes, 
this combined solution is stirred and heated at 130°C under nitrogen gas for four hours. 
The product was then filtered onto a Teflon membrane and washed with ethanol then 
dried for eight hours in a vacuum oven at 70°C. 
Results and discussion 
The product, Urea-F-S WNT-F-ND [NT-ND] was then imaged using a JEM-
21 OOF Field Emission Electron Microscope 200 kV. The nanodiamonds are easily seen 
on the sidewalls of the nanotubes in the HR-TEM images below (Figures 36-38), these 
HR-TEM images were taken by Dr. Wen Guo. The TEM image of the NTND (Figure 36) 
shows not only the nanodiamonds on the sidewall but also the urea molecules that appear 
as sticks coming directly out of the sidewall, these stick like urea molecules were also 
seen in the original urea functionalization study.41 
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Figure 36. Lower magnification TEM of NT-ND, scale bar of 20nm. 
Another area of the sample is shown (Figure 37), where the inset image is of the zoomed 
section where there are nanodiamonds on the sidewall of the Urea-F-SWNT. 
Figure 37. HR-TEM of NT-ND with scale of 10 nm with zoomed image with scale of 2 
nm. 
The high-resolution image of the same spot was imaged (Figure 38), to show the different 
angles of the nano diamond. 
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Figure 38. HR-TEM of another angle of zoomed section with scale bar of lnm. 
One of the applications possible for this new functionalization is nano-coating of glass 
surfaces. Glass surfaces with F-ND have been previously reported. The glass piece 
was prepared according to published procedure, with the exception of NT-ND being used 
instead of F-ND and the glass pieces were then sonicated for two hours. The NT-ND was 
imaged by using a Digital Instrument Nanoscope MA Atomic Force Microscope. The 
images below (Figure 39a) are of the glass pieces, with the height measurements across 
the nanotubes and the diamonds attached to the sidewall. We see from the height that the 
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nanotubes bundle has two nanotubes and that the approximate size of the nano-diamond 
is 3nm (Figure 39b). It is also noted that the NT-ND coating is not homogenous since the 
silane coating was applied by dip and stir method versus CVD method. 
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Figure 39. AFM of NT-ND on glass surface with measurement of height between a) NT-
ND and glass surface indicating height of nanotube bundle and b) the nanotube and the 
nano-diamond on surface of nanotube indicating the height of the nano-diamond. 
However this still opens up new areas for application. NT-ND can be used as a coating 
for artificial bone/joints, optics, add impact resistance by coating Kevlar fibers for 
military applications, windows or other surfaces. Intensive research has been done 
exploring and attempting to exploit the properties of nanotubes and nanodiamonds 
separately. This work offers the scientific community a method to prepare a nanotube 
with nanodiamonds, adding a potential synergistic material for researching their 
respective qualities together. 
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Nylon Fibers 
Introduction 
The main challenges in using SWNT in polymer composites has involved 
homogenous dispersion, alignment, and having an effective interface to ensure proper 
load transfer from matrix to the fiber. Many studies on SWNT/polymer composites have 
revealed that good dispersion31 and strong interfacial bonding15 between SWNTs, 
•5Q o/r n o -3Q 
alignment ' " and polymer matrix result in strong reinforcement of the polymers . 
The use of F-SWNT as a more efficient route to functionalization has been extensively 
studied. 33>41'43>89xhe results obtained prove that the addition of fluorine drastically 
enhances the reactivity of the nanotube sidewalls so that F-SWNTs can be utilized as a 
reactive nano-filler in the fabrication of polymer composites. 
For thermoplastic polymers, for example, polypropylene has shown that sidewall 
chemical functionalization can be an effective tool for improving both the dispersion and 
interaction between the nanotube and the polypropylene matrix. In particular, 
fluorinated SWNTs have demonstrated an improved interface due to covalent bonding to 
the matrix that led to the increase of mechanical properties of the polypropylene fibers. 
Thermal, mechanical and microscopic properties are discussed in detail by examining the 
role of percent loading, size, and non reactive vs. reactive nano-filler. 
Materials and methods 
Commercial Grade UBE nylon PI01 IF (Nylon-6, commercial name-Polyamide 
6) was procured from UBE America, Inc. The carbon nanotubes (SWNTs), used in the 
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present work, were purchased from Carbon Nanotechnologies, Inc. (batch number 
XD3365A). According to TGA, the material also contained about 4 wt % of iron catalyst. 
To obtain the F-SWNTs, the CNT material was fluorinated at 155 °C to an approximately 
C5F stoichiometry by using F2/He 1:10 mixture according to a previously published 
procedure. ° 
Results and discussions 
The results of the DSC experiments are shown in Figure. 40. Melting temperature 
Tm of polymers that can crystallize such as nylon has been linked with their chemical 
structure which is the peak of each thermogram. Three factors influence this link, chain 
geometry and regularity, chain stiffness and hydrogen bonding within nylon.90 It has 
already been demonstrated that nanotubes can act as sites of nucleation for polymer 
crystals.91'92 According to_ Table 8, the minor differences in the crystallinity observed 
might be due to the fact that SWNT act as nucleating agents. Li et. al.91 and Zhang et. al 
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 have beautifully depicted the concept of how polymer chains fold and the building of 
the lamellae along the nanotube. According to their interpretation, as the lamellae grow, 
the size of the crystallites will be limited since they impinge on one another so the 
composites with SWNT will have a slightly higher crystallinity than neat polymer. Thus, 
SWNT will provide an increased stiffness to the composite which is corroborated by the 
tensile test results to be discussed below. For 0.5 wt% F-SWNT/Nylon 6 composite, we 
also found a minor increase in crystallinity with respect to neat Nylon 6, while nearly the 
same value is observed for the 1% F-SWNT/Nylon 6. The difference between the SWNT 
and F-SWNT in this respect would be due to the effects of both a smaller nano-filler and 
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chemical reactivity of thermally detached fluorine atoms from F-SWNT on the 
surrounding matrix. With increasing the load of F-SWNT, we also introduce chemical 
changes which would result in not only increased dispersion of nanotubes throughout the 
fiber but also increase the amount of a chemically reactive filler that will alter the 
crystallinity and mechanical properties of the Nylon 6 fiber. 
Although changes in the Tm value were not significant; it is interesting to note the 
effect of pristine nanotubes on the amorphous region of the DSC thermograms. The 
amorphous region of a polymer influences elongation properties in such way that if the 
polymer were highly crystalline, a decreased elongation measurement would be seen in 
mechanical properties. SWNTs serve as the tie molecules in the amorphous region of 
nylon that connect the crystalline regions. In this case, we note the distinct amorphous 
region centered at about 100°C for neat Nylon, shown by red DSC plot in Figure 40a, 
which correlates with the sample with the highest elongation property such as neat Nylon, 
shown in Figure 40a. The near lack of an amorphous region, as found on the thermogram 
for 1% SWNT/Nylon-6 in Figure 40c, results in the sample with increased mechanical 
properties and the least elongation which are shown in Figure 40c. The noticeable 
amorphous regions on the thermograms are also observed for 0.5 and 1.0 wt% F-
SWNT/Nylon 6 samples (Figure 40d,e) while for the 0.5 and 1.0% SWNT/Nylon 6 
composites much straighter lines are observed (Figure 40b,c). The latter indicate that 
there is more of a crystalline phase in the fiber and that the inclusion of SWNT results in 
better phase integration with the Nylon fiber. The curvy regions, depicted by the 
thermograms in Figure 40d and 40e, indicate that there is a slight phase separation in the 
composite fibers filled with F-SWNT. The increase in crystallinity is observed for fibers 
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filled with 0.5 wt% F-SWNT, while as percent loading is increased to 1 wt%, 
crystallinity decreases most likely due to the fact that F-SWNT is a chemically reactive 
nano filler. 
Table 8. DSC data on neat Nylon-6, and composite fibers made with SWNT and F-
SWNT 
Sample 
Nylon-6 
0.5 wt% SWNT/ 
Nylon-6 
1.0 wt% SWNT/ 
Nylon-6 
0.5 wt% F-SWNT/ 
Nylon-6 
1.0 wt% F-SWNT/ 
Nylon-6 
Ta (°C) 
94 
125 
121 
116 
107 
Tm (°C) 
227 
229 
230 
226 
227 
Tc (°C) 
185 
194 
194 
195 
194 
AHm(J/g) 
61.86 
69.75 
67.88 
67.73 
60.36 
Crystallinity (%) 
25.8 
29.1 
28.3 
28.2 
25.1 
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Figure 40. DSC curves obtained at heating the samples: (a) neat Nylon-6, (b) 0.5% 
SWNT/Nylon-6, (c) l%SWNT/Nylon-6, (d) 0.5% F-SWNT/Nylon-6, (e)l% F-
SWNT/Nylon-6. 
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Tensile tests of single fiber specimens of the Nylon-6 composites infused with SWNTs 
and F-SWNTs were carried out to estimate the increase in mechanical properties, such as 
strength and modulus. The results of tensile properties of the neat Nylon-6, 0.5 wt% 
SWNT/Nylon-6, 1.0 wt% SWNT/Nylon-6, 0.5 wt% F-SWNTs/Nylon-6, and 1.0 wt% F-
SWNT/Nylon-6 are and shown in Figure 41 and summarized in Table 9. The ultimate 
tensile strength values for neat Nylon-6 and 0.5 wt% F-SWNT/Nylon-6 fibers were found 
to be about 249 MPa and 823 MPa, respectively. The significant improvement (231%) of 
the mechanical properties of the thermoplastic polymer by such a low percentage of F-
CNT additives is remarkable when compared with the other thermoplastic polymer 
composite fibers. For instance, in the recent work on polypropylene/F-SWNT composite 
fibers, the much higher loading of F-SWNTs (10 wt.%) was shown to yield a 
significantly lower tensile strength enhancement value (125%).39 
30 40 
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Figure 41. Tensile strength curves for fiber samples: (a) neat Nylon-6, (b) 0.5% 
SWNT/Nylon-6, (c) 1% SWNT/Nylon-6, (d) 0.5% F-SWNT/Nylon-6, (e) 1% F-
SWNT/Nylon-6. 
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It was also observed the high tensile strength of 824 MPa for 1.0 wt% loading of 
SWNTs into Nylon-6. In comparison with the 0.5 wt% F-SWNT/Nylon-6 composite 
fibers showing the same tensile strength as 1.0 wt% SWNT/Nylon-6 samples, the former 
demonstrate improved % elongation at break (Figure 41) which overall gives the best 
combination of mechanical properties among the Nylon-6 composite fibers studied. This 
conclusion is supported by comparison of tensile modulus values observed for neat 
Nylon-6 and 0.5 wt% F-SWNT/Nylon-6 fibers which are 0.55 GPa and 4.88 GPa, 
respectively. Improvement of tensile modulus can be attributed to the inclusion of high 
strength SWNTs, their alignment in extrusion direction of Nylon-6 polymer fibers, and 
the fact that nanotubes do act as nucleation sites for crystallite formation. There are two 
different mechanisms acting in parallel to account for these results. It is known that P-
SWNT increase stiffness and decrease elongation, and that fluorination of nanotubes 
leads to increased dispersion within composites. 40'74 At the same time, increasing the 
amount of reactive C-F groups in the matrix by increasing the percent load of F-SWNT 
from 0.5 to 1.0% leads to more reactions of thermally detached F atoms within the matrix 
during melt processing to form HF by scavenging the hydrogen atoms from Nylon 
chains. The positive aspect of this reaction is that it will result in the generation of free 
radical centers on polymer chains, which will facilitate grafting of Nylon to F-CNT via 
covalent bonds and create a strong interface for efficient load transfer. The negative 
effect is that unlike previously studied polyethylene and polypropylene filled with F-
SWNTs,94'95 Nylon can be easily chemically degraded by strong acids. Therefore, the HF 
evolving during melt processing will etch the surrounding Nylon matrix causing chain 
scission and cross linking to weaken the matrix. The degree of this effect is expected to 
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increase with the increased percent loading of F-SWNT into Nylon since the composite 
interface area being in contact with the reactive HF will be broaden. Accordingly, the 
tensile results reflect the parallel effects of a nonreactive nano-filler (SWNT) and reactive 
nano-filler (F-SWNT) and percent loading which should be kept in mind when pristine 
and fluorinated nanotubes are compared. In case of SWNT, increasing the percent load 
leads to increase in tensile properties, while for F-SWNTs the opposite results are 
observed. However, when the top two strongest samples are compared, which are the 
0.5% F-SWNT/Nylon-6 and 1.0% SWNT/Nylon-6, it appears that only a half amount of 
the reactive nano-filler (F-SWNT) is needed to achieve similar tensile strength as in case 
of nonreactive filler (SWNT). 
Table 9. Tensile properties data for neat Nylon-6 and composite fibers filled with P-CNT 
and F-CNTs. 
Sample Fiber 
Nylon-6 neat 
0.5 % SWNT/Nylon-6 
1.0% SWNT/Nylon-6 
0.5 % F-SWNT/Nylon-6 
1.0% F-SWNT/Nylon-6 
Tensile 
Strength 
(MPa) 
248.9 
408.1 
823.8 
823.2 
394.1 
A% 
— 
64 
231 
231 
58 
Tensile 
Modulus 
(GPa) 
0.55 
1.93 
4.41 
4.88 
2.49 
A% 
— 
250.1 
701.8 
787.3 
352.7 
Elongation 
% 
62.1 
27.3 
21.7 
35.0 
28.4 
A% 
— 
34.8 
40.4 
27.1 
33.7 
The fabrication process of Nylon-6 composites by melt extrusion and fiber spinning 
causes the alignment of the SWNTs and F-SWNTs. The degree of alignment of the 
nanotubes in the polymer matrix significantly affects the mechanical strength achievable 
by the final composite39. The alignment of the CNTs in the axial direction better utilizes 
the high mechanical properties of the anisotropic nanotubes or smaller ropes of 
nanotubes. The alignment of nanotubes in the Nylon-6 composite fibers has been verified 
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with the help of polarized Raman spectroscopy while collecting the spectra from the 
individual fibers with their fiber-axis oriented either parallel (0°) or perpendicular (90°) 
to the incident light polarization provided by 780 nm laser used in this work. In these 
experiments the highest Raman intensity was expected for light polarized along the tube 
axis (for the analyzed fibers this is the parallel (0°) orientation) and much lower signal 
intensities for cross polarized light (the perpendicular (90°) orientation). 
The polarized Raman spectra of the 0.5 wt.% F-SWNT/Nylon-6 composite fiber 
sample, taken as an example, are shown in Figure. 42. They clearly indicate significant 
difference in the intensities of the D (1306 cm"1) and G (1592 cm"1) peaks in the Raman 
spectra of nanotubes depending on fiber orientation. The degree of alignment of 
nanotubes in the fibers can be estimated from the integrated G:D Raman peak ratios for 
0° and 90° oriented fibers of SWNT and F-SWNTs in Nylon-6 polymer (Table 10). 
According to the data presented in Table 10, the intensity of tangential G-mode of 
SWNTs in such parallel (0°) oriented fibers is being enhanced more than the intensity of 
the D-mode as compared to fibers oriented perpendicular (90°) to polarized light. In case 
of Nylon-6 composites fibers filled with both 0.5 and 1 wt.% SWNTs this is causing an 
approximately three-fold increase in G:D peak intensity ratio in polarized Raman spectra 
as the result of CNT alignment. As for F-SWNT/Nylon-6 composite fibers, they show 
significantly lower increase in G:D peak ratios, with the smallest value calculated for 
composite fibers filled with 1 wt.% F-SWNTs (Table 10). 
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Figure 42. Polarized Raman spectra for a 0.5% F-SWNT/Nylon-6 composite fiber 
sample. Note variance in the intensities attained with the degree of alignment. 
Table 10. Integrated G:D Raman peak ratios for 0° and 90° oriented fibers of SWNT and 
F-SWNTs in Nylon-6 polymer. 
Sample Name 
0.5% SWNT 
0.5% SWNT 
1.0% SWNT 
1.0% SWNT 
0.5% F-SWNT 
0.5% F-SWNT 
1.0% F-SWNT 
1.0% F-SWNT 
Fiber Axis 
Rotation (°) 
90 
0 
90 
0 
90 
0 
90 
0 
Dpeak 
intensity 
7915 
18978 
2195 
18695 
2276 
26992 
15235 
20433 
Gpeak 
intensity 
8948 
64748 
2367 
56751 
1964 
53122 
18212 
30605 
Ratio 
G:D 
1.13 
3.41 
1.08 
3.04 
0.86 
1.97 
1.20 
1.50 
Based on Raman data, it should be concluded that the degree of alignment of 
nanotubes in the extruded Nylon-6 fibers is higher for pristine than for fluorinated 
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SWNTs. This can be attributed to a different type of interfacial bonding between 
nanotube surface and Nylon-6 matrix which result from melt processing and extrusion of 
composite fibers at temperatures as high as 220-245 °C. The pristine SWNTs interact 
with the Nylon-6 polymer chains mostly through van der Waals forces, while fluorinated 
SWNTs under composite fiber melt extrusion condition are expected to chemically react 
with the Nylon-6. This should result in removal of fluorine and release of gaseous HF as 
a byproduct and covalent bonding of Nylon-6 chains to CNT sidewall. Since the highly 
acidic hydrogen fluoride can subsequently react with the amide units of the polymer 
matrix , these secondary reactions should result in scission of Nylon-6 polymer chains 
and as a result affect the degree of alignment of the nanotubes and mechanical properties 
of the composite fibers. 
The SEM images on Figure 43 show the surfaces of fibers with the arrows 
indicating direction of alignment of polymer and some nanotubes. The neat Nylon fibers, 
shown in Figure 43a, have a smooth skin surface all along the body of the fiber because 
there is no stiff filler to create any ridges. However, both SWNT and F-SWNT reveal a 
rough surface (Figure 43b-d). This is due to the fiber's outer skin affected by the high 
shear of the extrusion process. When the nylon material with the nanotubes is being 
extruded through the die, the stiff nanotubes within the fiber align and create rough ridges 
on the outermost layer due to the skin effect that fibers have. The skin effect is known to 
affect many properties of a fiber 96 such as tensile strength and stiffness, and also the 
reduction of elongation as we have seen in this study. The extrusion process causes the 
Nylon chain to orient as well as the nano-filler within the fiber. So the stiffer nano-filler 
within the fiber becomes more pronounced on the outer skin, therefore the direction of 
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extrusion is seen more clearly because of the nanotubes. Some of the nanotubes can also 
be seen on the surface, which are indicated by the arrows in Figure 43. However, the 
images of the F-SWNT/Nylon fiber composites show some nanotubes that seem to be 
sticking out of the material (Figure 43d). This is likely due to the fact that F-SWNT are 
not only more finely dispersed in the composite than SWNT, but because they are also 
covalently bonded with the Nylon-6 matrix serving as a reactive nano-filler. This 
observation is in line with the lower alignment of F-SWNT compared to P-SWNT, as 
detected via Raman spectroscopy. 
Figure 43. SEM images of the surfaces of fibers: a) neat Nylon, nylon fiber with b) 1.0 
wt%, c) 0.5 wt% F-SWNT, d) 1.0 wt% F-SWNT/Nylon-6 
The analysis of the fracture surfaces of the tested fibers was performed by SEM. 
The obtained images show that the nanotubes are wrapped by the Nylon-6 polymer 
matrix due to strong interaction with the CNT surface. This leads to enhanced mechanical 
properties in all four types of composite samples as a consequence of increased load 
transfer between the two components of the fiber. The result of this is the observation of 
nanotube fracture, instead of pullout at the point of failure of the fiber. As an illustrative 
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example, the SEM image of the 0.5 wt.% F-SWNT/Nylon-6 composite fiber (Figure 44) 
shows a large number of fractured ends of the nanotubes at failure instead of the long 
ropes of nanotubes that would normally indicate a pullout because of less interaction with 
the matrix occurs. The SEM image shown supports the mechanical testing results 
indicating the most enhanced mechanical properties of the Nylon-6 fibers filled with the 
0.5 wt.% F-SWNTs among the series of composite fibers studied in the present work. 
Figure 44. SEM image of the fractured surface of 0.5 wt% F-SWNT/Nylon-6 composite 
fiber showing ends of the polymer coated nanotube ropes broken during the tensile test. 
The broken nanotubes appear as bright spots, some are shown here within the yellow 
circles. 
These results show that the mechanical properties of the Nylon-6 polymer fibers 
can be enhanced by alignment of the nanotubes within the matrix, in this case, a fiber. It 
was found that the degree of tensile strength improvement depends not only on the 
percentage loadings of the SWNTs but also on chemical reactivity of their sidewall 
surface which affect the extent of SWNT alignment and structural integrity of the 
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polymer matrix at nanocomposites interface. Alignment of the nanotubes on the surface 
of the fiber was shown through Raman spectroscopy and microscopy studies. Images of 
the fracture surface of 0.5% F-SWNT/Nylon-6 showed that the nanotubes predominantly 
broke from tensile test rather than pull out. It was found that in case of pristine SWNTs 
mechanical properties of Nylon-6 fibers are increased with the increasing percentage 
loadings of the nanotubes, while for F-SWNT-loaded fibers this relationship trend is not 
similar. The difference should be accounted for F-SWNT acting as a reactive nano filler 
in the course of melt extrusion with the Nylon-6. On the positive side, this process 
presumably results in covalent bonding of Nylon-6 to the SWNT sidewalls. On the 
negative side, the acidic HF gas is formed as a byproduct. Since Nylon-6 is not as 
chemically resistant to HF as other thermoplastic polymers, such as polyethylene and 
polypropylene previously studied, increasing the percentage of F-SWNT content in the 
Nylon-6 melt will induce scission of polymer chains and weaken instead of strengthening 
the composite fiber. The data shows that the use of F-SWNTs as fillers in Nylon-6 
composite fibers should be limited to loads not exceeding 0.5 wt.%. Nevertheless, the 
remarkable tensile strength increase (230%) and elongation properties observed for 
Nylon-6 fibers filled with 0.5% F-SWNTs encourages future work on applications of 
fluorinated and other sidewall functionalized SWNTs for nanocomposites fabrication. 
Medium density polyethylene 
Introduction 
To achieve smaller bundles and individual nanotubes, various functionalization 
101,35
 schemes including fiuorination36'102'103'21'22 and their relationship with mechanical 
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properties have been studied. These functionalized nanotubes have been incorporated into 
polyethylene104'31, polypropylene39, epoxy105'37, nylon106, and other polymers107'13. 
While the aspect ratio of SWNT108 in polyethylene has been studied, there has been 
limited length studies of cut F-SWNTs. This study investigated a series of fluorinated 
derivatives, the effect of functionalization on aspect ratio and their role on mechanical 
properties polyethylene matrix. Polyethylene was chosen since it is widely available and 
has been the subject of study76'109 for space radiation effects110'113 and previous nanotube 
composite research.31'114'94'115"117 
In this work, the effect of four types of nanotubes: SWNT, F-SWNTs, F-SWNT-
C11H23, and F-SWNT-C11H23 a new fluorinated derivative with x, y < 23 that has been 
fully characterized in Chapter Two is incorporated into medium density polyethylene 
withl% wt. loading. 
Materials and methods 
Medium density polyethylene with a melting point range of 109°-111°C, and 
molecular weight of 6000 was purchased from Aldrich. The SWNT of HiPCO type were 
obtained from Carbon Nanotube Laboratory at Rice University, while the F-SWNTs were 
acquired from Carbon Nanotechnology Inc. F-SWNTs were then bi-functionalized on 
the sidewall addition of long chain C11H23 alkyl radicals yielding (F-SWNT-C11H23) 
derivative according to previously published method utilizing lauroyl peroxide as a free 
radical precursor.33 The F-SWNT-C11H23 derivative was re-fluorinated at room 
temperature for half an hour to convert the long chain alkyl groups on the sidewall into 
perfluorinated ones and produce a new fluorinated derivative (F-SWNT-CuFxHy). 
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A multi step procedure was used to prepare the 1 wt. % nanotube composites. For 
each type of nanotube, 200mg of nanotubes were bath sonicated in 250ml of chloroform 
for one hour to break up larger agglomerates of tubes. Chloroform was chosen since it 
has a boiling point of 63 °C which is lower than the melting point of the polymer (110°C), 
so the solvent could be evaporated away without risk of melting the polymer. The next 
step was to add 19.8g of polyethylene powder was added to the solution and stirred for 
one hour to achieve incipient wetting of the nanotubes and polyethylene.19 Each batch 
was rotary evaporated until all visible traces of the solvent were removed then placed in a 
vacuum oven at 70°C overnight to remove any residual solvent. 
The dry mix was then melt mixed using Banbury mixer which employed a twin 
screw extruder controlled by the HAAKE Polylab System with a 30g bowl. The 
combined powders were then mixed at a rate of 75rpm at 110°C for ten minutes. The 
mixed molten material was then quickly collected and pelletized into powder sized 
particles similar to as received polyethylene powder. This ensured a near homogeneity of 
the pieces before hot pressing and resulted in less bubbles of the panel, as confirmed by 
SEM. The powder was then placed in a thin layer between two sheets of Mylar and 
placed in a 2mm deep and 12.7 x 17.78 cm mold. The mold was placed in a Carver 
heated press; the powdered composites were hot pressed at 110°C with a pressure not to 
exceed 6 metric tons into panels. 
Once proper pressure was maintained, water was allowed to flow into the press 
plates and to cool the heated plates to room temperature for about ten minutes. This is to 
assure stabilization of the temperature throughout the panel, to avoid a temperature 
gradient which otherwise would result in a curvy panel. The panels were 2mm thick and 
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from these panels. Dog bone samples for tensile tests were punched out using a mold 
from Dewes Gums Die Co Inc. The tensile tests were carried out under ASTM D3039. 
Results and Discussion 
A photograph of the composite mixtures is shown in Figure 45, and was taken 
after the solvent was removed by rotary evaporation and before shear mixing. In Figure 
45a, we see that compared to neat MDPE, the SWNT in Figure 45b were agglomerated 
and the dispersion at the macro scale level is poor, since the darker particles are so easily 
distinguished from the white MDPE powder. However, as the SWNTs are increasingly 
derivatized, the powder became homogenously darker as can be seen from Figure 45c 
and 45d, lwt. % F-SWNT/MDPE and 1 wt. % F-SWNT-CnH23/MDPE composites 
respectively. 1 wt. % F-SWNT-CnFxHy /MDPE composite (not shown) had the most 
uniform and darkest shade of grey. This is due to the repulsive effect perfluorinated 
chains on the sidewall of the nanotubes, improving dispersion of SWNTs throughout the 
MDPE matrix, as can be seen from this macro scale. 
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Figure 45. Photograph of nanotube composites mixtures before shear mixing. A) neat 
MDPE, B) 1 wt. % SWNT/MDPE, C) 1 wt. % F-SWNT/MDPE, D) 1 wt. % F-SWNT-
CnH23/MDPE. 
Raman spectroscopy was used to study the interaction between the nanotubes and 
the polyethylene matrix in samples that were shear mixed and hot pressed. The studies 
were done by observation of the nanotubes' D and G peaks which correspond to the sp 
and sp2 sites respectively. The calculated D:G ratios are in Table 11 below. It is noted 
that the D:G ratio increases when the nanotubes are in the composite.118"119 The sharp 
increases are most likely indicative of nanotube bonding interaction with the polymer 
matrix, since the D peak increases due to increased sp3 sites on the nanotube sidewall. It 
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is noted that the D:G ratio for the 1 wt. % F-SWNT/MDPE composite has only slightly 
increased in comparison with the D:G ratio for F-SWNT alone. 
Table 11. Calculated D:G Raman intensity ratios for nanotubes and nanotube composites. 
Sample 
SWNT 
1 wt. % SWNT /MDPE 
F-SWNTs 
1 wt. % F-SWNT/MDPE 
F-SWNT-C11H23 
1 wt. % F-SWNT-CHH23 /MDPE 
F-SWNT-CnFxHv 
1 wt. % F-SWNT-CnFxHv/MDPE 
D peak 
intensity 
4832.55 
7428.63 
5333.89 
14628.90 
25097.61 
18663.55 
29198.43 
17266.97 
G peak 
intensity 
1350064.00 
31101.54 
5132.52 
12029.32 
57593.65 
11472.88 
55190.80 
10315.68 
Ratio 
D:G 
0.003579 
0.238851 
1.039234 
1.216104 
0.43577 
1.626754 
0.529045 
1.673857 
Raman spectra of F-SWNTs and the 1 wt. % F-SWNT/MDPE composite are shown 
below in Figure 46. The G peak observed at 1584cm"1 for F-SWNT up shifted to 
1588cm"1 in the composite, which can be due to a partial defluorination and restoration of 
sp2 carbon sites in 71-electron graphene structure for portions of the sidewall. 
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1294 
MDPE + 1 wt. % F-SWNT 
F-SWNT 
Raman Shift (cnr1) 
Figure 46. Raman spectra of F-S WNTs and 1 % F-S WNT/MDPE. 
Raman spectra of F-SWNT-CnH23 and 1 wt. % F-SWNT-CnH23/MDPE 
composite are shown in Figure 47 below. There is an up shift of the G peak from 1578 to 
1588cm" , indicating again the return of more sp carbon sites along the sidewall. A sharp 
increase in the intensity of the D peak in the spectrum of the composite compared to the 
F-SWNT derivative is also observed. This can be attributed to a large increase in the 
number of sidewall defects created during shear mixing and bonding of the polymer to 
thenanotube. 
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Figure 47. Raman spectra of F-SWNT-CnH23 and 1 wt. % F-SWNT- CnH23/MDPE 
composite. 
Comparison of the Raman spectra of F-SWNT-CnFxHy and 1 wt. % F-SWNT-
CnFxHy/MDPE composite is shown in Figure 48.The G peak I the composite has up 
shifted from 1577cm"1 in perfluorinated SWNTs to 1587cm"1 in the composite. This is 
also accompanied with the sharp increase in the intensity of the D peak. It is also noted 
that there is a down shift of the D peak, compared to that in nanotubes alone, has been 
observed in all Raman spectra of he composites as an additional indication of interfacial 
interaction and bonding. 
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Figure 48. Raman spectra of F-SWNT-CuFxHy and 1 wt. % F-SWNT-CnFxHy /MDPE 
composite. 
The proposed scheme for covalent bonding of the nanotube to the polymer is 
shown in Scheme 5. When F-SWNTs in polyethylene matrix are shear mixed into a 
polyethylene matrix at 110°C, fluorine atoms that detach from the sidewalls due to heat 
and shear forces, scavenge hydrogen atoms from the polymer matrix; thus creating 
radical sites on the polymer chains. The latter lock into the F-SWNT sidewalls to form 
sp3 C-C bonds. The increase of sp3 sites created in this way can be correlated with the 
observed increase of the D peak intensity relative to the G peak in the Raman spectra of 
all fluorinated SWNT derivatives, giving further proof of the interaction of polymer 
chains and the fluorinated SWNT derivatives. 
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F +-{CH2CH2}n-
110°C 
Shear mixing 
X= Ci,Ha,P1iF,R, 
-[CH2CH2}-a 
Ch^CH^-b 
Scheme 5. Proposed covalent bonding of polyethylene to fluorinated derivatives during 
shear mixing. 
Phase transition and thermal stability studies of all composites were done by 
differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA). In Figure 
49a, the DSC thermogram for MDPE has two peaks at 109.52°C and 111.91°C 
characterizing an intermediate/amorphous and crystalline phase respectively. When 1 wt. 
% of SWNTs is added to MDPE, there is a broad single phase peak observed at 110.97°C 
in Figure 49c. Although this peak is not as intense as the single peak in MDPE, this 
thermogram seems to demonstrate better phase integration of SWNTs and the 
polyethylene chains as compared to MDPE. With the addition of 1 wt. % F-SWNTs there 
is an increased crystalline phase compared relatively to MDPE and a reduced 
intermediate phase with peaks at 112.32°C and 103.99°C respectively, shown in Figure 
49b. The DSC thermogram of 1 wt. % F-SWNT-CnH23/MDPE composite in Figure 49d 
shows a single phase again with a peak at 111.4°C which again indicates better phase 
integration between the alkylated chains on the sidewall of the F-SWNT-C11H23 and the 
polyethylene chains. The thermogram with 1 wt. % F-SWNT-CnFxHy/MDPE composite, 
there are three distinct phases with peaks at 103.42° C, 108.86°C, and 114.38°C 
respectively in Figure 49e. These three phases correlate to the mechanical data discussed 
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later. A distinct amorphous region is correlated to increased elongation and the increase 
in melting point of the crystalline phase is correlated to a higher tensile strength. 
@ 
110 120 
Temperature (°C) 
150 
Figure 49. DSC thermogram of nano composites: a) Pure MDPE, b) 1 wt.% F-
SWNT/MDPE, c) 1 wt. % SWNT/MDPE, d) 1 wt. % F-SWNT-CnH23/MDPE e) 1 wt. % 
F-SWNT-CnFxHy/MDPE. 
The onset of degradation temperatures obtained by TGA for al composite samples 
are listed in Table 12. The data shows that in comparison with neat MDPE, thermal 
stability was enhanced only slightly with the addition of 1 wt. % F-SWNT-C11H23. The 
onset of degradation for this composite is 6° higher than that of neat MDPE. 
Table 12. Onset degradation temperatures from TGA. 
Sample 
MDPE 
1.0 wt.% SWNT/MDPE 
1.0 wt.% F-SWNT/MDPE 
1.0 wt. % F-SWNT-C11H23/MDPE 
1.0 wt. % F-SWNT-CnFxHv/MDPE 
Onset Temperature °C 
448.64 
449.98 
452.88 
454.64 
452.62 
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Dispersion of nanotubes in the polymer was investigated by scanning electron 
microscopy. The SEM images of MDPE and nano composites made with SWNT and 
functionalized SWNTs are shown in Figure 50. Compared to the image of the neat 
material MDPE in Figure 50a, large aggregated ropes of SWNT in the MDPE matrix can 
be seen in Figure 50b. F-SWNTs which appear shorter and better dispersed in the 
polymer is shown Figure 50c. The SEM images of composites made with 1 wt. % of F-
SWNT-C11H23 and F-SWNT-CiiFxHy are shown in Figure 50d and e respectively; look 
very differently from the SWNT and F-SWNT composite images. 
Figure 50. SEM images at 25K magnification of a) Neat MDPE; and MDPE composites 
prepared with 1 wt. % of b) SWNT; c)F-SWNTs dJF-SWNT-Cnlfcand e) F-SWNT-
CiiFxHy . 
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It is interesting to note that while in the MDPE composite, these bi-functionalized 
nanotubes become very well dispersed within the polymer matrix and now appear as 
small buds in the SEM images in Figure 50d and e, and not as bundles or ropes. It was far 
easier to locate the larger groups of SWNTs and F-SWNTs in Figures 50b and c. 
Mechanical properties of the nano composites were measured by tensile test and 
the results are listed in Table 10. The most significant improvement is seen for 1 wt. % 
F-SWNT-CiiFxHy/MDPE composite with a 52.43% increase in tensile strength, 15.89% 
increase in modulus and an 18.9% increase in % Elongation over neat MDPE. For the 1 
wt. % F-SWNT-C11H23/MDPE composite, there was a 28.28% increase in modulus over 
neat MDPE. Theoretical work explored the idea of a hybrid nanotube with covalent and 
noncovalent groups with the covalent groups acting to bind the nanotube to the matrix 
and the noncovalent wrapping of the nanotube acting to help disperse the nanotube in the 
matrix.97 In this case, the alkyl and perfluorinated nanotubes could resemble a hybrid 
nanotube. The fluorine atoms help to covalently bond to the matrix and the alkyl chains 
and perfluorinated chains, which are covalently bonded to the nanotube sidewall, help in 
exfoliating the nanotube bundles resulting in better dispersion and increased mechanical 
properties. The 1 wt. % SWNT/MDPE composite showed an 11% increase of neat 
MDPE, this could be due to the additional crystallinity given by the SWNTs. This is in 
agreement with research that suggests SWNTs are the site for nucleating crystals , and 
this additional interphase crystallinity adds to the composite stiffness, thus increasing 
mechanical properties.14'13 Previous research on ultra short nanotubes, 20-80nm have also 
shown increased mechanical properties120 in biomedical applications, the discrepancies 
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between critical length of theoretical and experimental values can be attributed to varying 
nanotube and composite preparation schemes.104 
The 1 wt. % F-SWNT/MDPE composite had the weakest tensile strength of all 
composite samples tested in the present work including neat MDPE. Note that this 
correlates to the D:G ratio for the 1 wt. % F-SWNT/MDPE composite, in Table 13, 
which had only slightly increased in comparison to the D:G ratio for F-SWNT alone. 
This also correlates with F-SWNT ropes having the least aspect ratio among the 
derivatized ropes, higher aspect ratios of fillers enable the matrix to have higher load 
transfer to the filler. As mentioned earlier, the F-SWNTs also had a large size and 
number of carbonaceous particles that were present before shear mixing with the 
polymer; it is believed that it is these particles that were stress concentrators in the 
composite that led to weaker tensile properties. These particles were also present in the 
alkylated and perfluorinated derivatives, but it is believed that enhanced mechanical 
properties are due to the additional covalently bonded sidewall moieties of the F-SWNT 
derivatives that overcame the effect of having stress concentrating particles present in the 
composite samples. 
Table 13. Mecl 
Properties 
Tensile 
Strength 
(MPa) 
Young 
Modulus 
(MPa) 
Elongation 
(%) 
Aspect Ratio 
of Ropes 
lanical Propert 
MDPE 
4.33+ 0.28 
638.61+15.53 
1.64+0.19 
les of MDPE composites with 1% of nanotubes. 
+1 wt. % 
SWNT 
4.82±0.41 
762.40±20.53 
1.05±0.13 
170.98 
+1 wt. % 
F-SWNT 
3.75±0.23 
590.70±21.78 
1.93+0.27 
40.29 
+1 wt. % 
F-SWNT-
C11H23 
5.0110.31 
819.23+13.12 
1.11+0.06 
71.36 
+1% 
F-SWNT-
Ci iFxHv 
6.6010.48 
740.09128.48 
1.9510.19 
92.71 
104 
Theoretical studies of critical lengths have shown that for nanotubes non covalently 
bonded to the matrix are longer than functionalized nanotubes that have a strong interface 
with the matrix. ' For example, Frankland et al work with critical length if the 
nanotube in non bonded and crosslinked polyethylene matrices. Incorporating 
experimental data, SWNTs were assigned as non-bonding and the fluorinated derivatives 
as bonding composites. It was also considered by Wan et al15 who had studied the effect 
of the interphase on determining the critical length of the nanotube. The critical length is 
the minimum length required to enable loading to fracture. Three types of interphase 
were considered, none, soft, and hard. Incorporating our tensile test data and 
experimentally measured nanotube length, SWNTs were assigned as non interphase, F-
SWNT as the soft interphase, and both the fluorinated derivatives as hard interphase, and 
compared the nanotube lengths; this comparison is listed in Table 14. For both theoretical 
studies, it is seen that for non-bonded composites or no interphase, the critical length of 
the nanotube is much longer compared to that of crosslinked composites or those with a 
hard interphase. Experimental evidence also shows that the shorter alkylated and 
perfluorinated nanotubes have better mechanical properties than longer non 
functionalized nanotubes. With F-SWNT being considered as the soft interphase which 
had weakened the matrix also having a shorter nanotube length, it must then be 
considered the role of precise functionalization for optimal property enhancement. Even 
though all three fluorinated samples are shorter than the SWNTs, it is the alkylated and 
perfluorinated derivatives that have the better mechanical properties, therefore, 
subsequent functionalization is necessary for F-SWNT rope exfoliation and improved 
dispersion for a hard interphase or cross linked nanotube/polymer composite. 
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Table 14. Comparison of experimental and theoretical nanotube lengths. 
Composite 
MDPE 
+1 wt. % 
SWNT 
+1 wt. % 
F-SWNT 
+1 wt. % 
F-SWNT-CnH23 
+1 wt. % 
F-SWNT-C,,FXHV 
Young 
Modulus 
(MPa) 
638.61 
762.4 
590.7 
819.23 
740.09 
Length 
(nm) 
418 
268 
266 
294 
Interphase 
none 
soft 
hard 
hard 
Theoretical 
Lcr (nm) 
233.4 
333.8 
218.5 
218.5 
Bonding 
state 
Non-
bonding 
N/A 
bonding 
bonding 
Theoretical 
Lc (nm) 
29 
N/A 
0.72 
0.72 
A scanning electron microcopy image of the fractures surface of a tensile tested 
sample of 1 wt. % F-SWNT-CnFxHy/MDPE composite is shown in Figure 51. Numerous 
yellow circles on this image highlight broken tubes, since it has been previously shown 
that nanotubes charge due to open ends of cut tubes.39 The nanotubes with less interaction 
with the matrix would have been pulled out instead of breaking.122 
Figure 51. Fractured surface of 1 wt. % F-SWNT-CnFxHy/MDPE. 
The graph showing the relationship between tensile strength of the polymer 
composites and average correlated nanotube aspect ratio is presented in Figure 52a. It 
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appears that there is a correlation between lower aspect ratio and increased strength. 
Since this is in conflict with what is known about a fiber with a high aspect ratio 
nanotubes and mechanical properties, one must examine and take into account the 
chemistry at the interface of these lower aspect ratio nanotubes. For example, F-SWNTs 
have the lowest tensile strength of all samples tested, but not the smallest nanotube aspect 
ratio among the nanotubes studied in this work. At the same time, F-SWNTs have a 
lower aspect ratio than SWNTs, however, the MDPE composites with SWNT have a 
higher tensile strength. On examining the fluorinated SWNT derivatives in Figure 52b, 
the addition of the alkyl chains to the sidewall increases tensile strength of MDPE even 
though these nanotubes have the lowest aspect ratio of the group. The composite made 
with 1 wt. % F-SWNT-CnFxHy had the highest tensile strength even though their aspect 
ratios were only slightly higher than that of the composite made with 1 wt. % F-SWNT-
C11H23. It is known from past studies that polymers chains tend to form shish kebab like 
lamellae structures116, which consist of folded polyethylene chains. Since the long chain 
alkyl groups -C11H23 can be considered as a short polyethylene chain, it is possible that 
they can interact with the lamellae forming on the nanotubes, perhaps serving as a tie 
molecule, connecting the nanotube to the matrix in a non covalent way. With the 
perfluorinated nanotubes, the additional fluorine on the side chains could have an effect 
on dispersion within the matrix during shear mixing to result in better dispersion; as well 
as forming a covalent bond between matrix and nanotube. This could explain why the 
strength of the interface overcomes the smaller aspect ratio. Ideally, if the fluorinated 
tubes and their alkylated and perfluorinated derivatives had aspect ratios that were not 
significantly reduced as in the case here, and there were no amorphous particles present 
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in the samples, it would be reasonable to expect that these nanotubes would have a better 
interaction with the matrix resulting in increased mechanical properties than the data 
currently offers. 
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Figure 52. Graphs of a) tensile strength vs. aspect ratio and b) tensile strength vs. rope 
height. 
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Decreased rope height of the functionalized derivatives is correlated with higher 
tensile strength in Figure 52b. This is due to the effect of smaller filler size, the larger the 
bundle as in traditionally SWNT bundles; it is normally expected to have large 
agglomerates that are often the source of mechanical failure. The sidewall moieties on the 
fluorinated nanotubes result in decreased rope size and better mechanical properties. With 
decreased bundle size, dispersion improves as well as the distribution of covalently 
bonded nanotube and polymer matrix junctions in the composite resulting in a stronger 
composite. It is important to account for the amount of particles which could be either 
short tubes or amorphous carbon, these particles could agglomerate and cause mechanical 
failure. Since both individual nanotubes and ropes were present in the composite as well, 
it is recommended for future work to remove particles and ropes by a combination of 
filtration and centrifugation of all solutions before incorporation of polymer to yield the 
best mechanical properties. AFM analysis of the nanotube materials and elimination of 
amorphous materials and larger ropes through centrifugation and increased pore size of 
filter prior to incorporation into polymer composites will save time and effort and will 
probably result in better mechanical properties. 
These results show the role of nanotube aspect ratio and interfacial chemistry on 
mechanical properties of polyethylene composites. It was shown that decreased aspect 
ratios can still offer improved mechanical properties if appropriate interfacial chemistry 
is applied to the nanotube sidewall. A new F-SWNT-CnFxHy derivative was fully 
characterized by Raman, FTIR, XPS, AFM, NMR and TGA. Raman spectroscopy 
showed the interaction of the nanotubes with the polymer matrix which was correlated 
with the mechanical properties of composites. The observed smallest increase in Raman 
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D:G ratio was for 1 wt. % F-SWNT/MDPE composite relatively to the F-SWNT filler, 
and this was correlated to the lowest tensile strength of all samples. There was a slight 
improvement of the onset degradation temperature from TGA by adding the various 
nanotubes to MDPE. Images showed the macro scale dispersion of nanotube within the 
polymer. DSC showed how the various sidewall moieties affected the formation of 
crystalline, intermediate, and amorphous phases in all the composites. AFM analysis and 
tensile data have indicated that other particles that, such as amorphous carbon 
agglomerates and roped nanotubes can play a role in decreased mechanical properties. 
For optimal strength, particles and ropes must be removed from the nanotube samples 
before incorporating them into polymer composites. When incorporated into 
polyethylene, the new derivative, F-SWNT-CnFxHy yielded the best tensile strength 
among all nanotube samples in MDPE, with an improvement of 52%. 1 wt. % F-
SWNT/MDPE composite had the worst mechanical properties due to large rope size and 
a small nanotube aspect ratio. The 1 wt. % SWNT/MDPE composite contained nanotubes 
with a larger aspect ratio but due to a lack of interfacial chemistry resulted in less 
improvement in mechanical properties compared to composites made with the fluorinated 
derivatives, 1 wt. % F-SWNT-C11H23/MDPE and 1 wt. % F-SWNT-CnFxHy/MDPE. In 
conclusion, our data emphasize the importance of not only the aspect ratio and interfacial 
chemistry for optimal properties, but also how critical it is to perform a careful study of 
starting nanotube materials before incorporation into composites. It is also suggested that 
to create an ideal composite, it would be best to start from the same batch of SWNT and 
perform all subsequent functionalizations for fluid data analysis. 
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High density polyethylene 
Introduction 
High density polyethylene (HDPE) differs from MDPE in that HDPE has a higher 
amount of crystallinity and a higher melting temperature. The higher crystallinity is 
attributed to the structure being quite linear and unlike medium density polyethylene, is 
nearly free of branching.123 In fact the polymer chain length is much longer for HDPE 
than for MDPE.124 A smaller study was done on a few pieces of HDPE matrix that were 
loaded with 5% SWNT, F-SWNT, and F-SWNT-CnH23. Raman and DSC were done on 
these samples and were selected for radiation testing as small pieces to be discussed in 
Chapter 4. 
Materials and methods 
The method for producing the composite is the same with the exception of a higher 
processing temperature, 130°C. The sample was pressed into a panel as described for 
MDPE but were then broken into smaller pieces for further studies. The HDPE came in 
powdered form and was available from Dr. Barrera's lab. SWNTs and F-SWNTs were 
acquired from CNI Inc. through Advanced Ceramics Research and used as is without 
further purification. F-SWNT-C11H23 was originally fluorinated from CNI Inc. but 
alkylated by Dr. Khabashesku. It was decided for the planned radiation experiments, that 
the samples with nanotube materials were of importance to compare since there has been 
extensive studies of HDPE and this will be discussed in Chapter 4. 
I l l 
Results and discussion 
Raman spectroscopy of the control samples is shown in Figure 53. The expected 
broad band features of the functionalized SWNTs are seen, the radial breathing modes are 
easily shown for the MDPE + 5wt. % composite sample. 
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Figure 53. Raman spectra of HDPE polymer composite with 5wt. % of SWNT, F-SWNT, 
andF-SWNT-CnH23. 
DSC of the three composites is shown in Figure 54. There is a slight increase in the 
melting temperature of the composite sample with F-SWNT-Q1H23 in red compared to 
the other nanotube composites, and also note, that there is a shift to the right in the peak 
for the F-SWNT-C11H23 thermogram shown in Figure 54b. This is indicative of a stiffer 
material. Mechanical testing was not intended for this set of samples, but this preliminary 
112 
data indicates that it is a candidate for further investigation for a structural material for 
space applications. 
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Figure 54. DSC thermograms of a) HDPE composites with 5wt.% loading of SWNTs in 
black, F-SWNTs in blue and F-SWNT-C11H23 in red; and b) a zoomed portion of the 
thermograms showing the differences with higher temperatures, the shift of the F-SWNT-
Ci 1H23 towards the right which is indicative of stiffer, stronger materials in a group of 
materials tested by DSC. 
Polyethylene with 5% Acrylic acid 
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Introduction 
Polymers with functional side groups [co-polymers] have also been studied. It 
was thought that polyethylene with acrylic acid would make a strong composite by 
covalently binding the acrylic side group with nanotubes. To compare the effect of 
having a polyethylene with a side group of acrylic acid to regular MDPE, a study was 
done using the same nanotube derivatives as in MDPE discussed earlier, with Raman and 
DSC results presented here. 
Materials and methods 
PEAA was purchased from Aldrich and used without further modification. A 
lower processing temperature was used, 109°C. The procedure was the same as for 
MDPE and HDPE discussed previously. The SWNT used in this study was also from 
CNI Inc. but from another batch processed than the one used for the HDPE study. It has 
been noted that there are differences between same types of nanotubes that have been 
acquired from CNI Inc. For example, and earlier batch of F-SWNT dispersed well in 
ODCB, a later batch of F-SWNT did not. CNI Inc. customer representative indicated that 
there was a change in manufacturing method of said materials. It is strongly 
recommended to have uniformity of all starting materials for future research. 
Results and discussion 
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Raman spectroscopy of the PEAA composites is shown in Figure 55. The 
expected typical broad features are again present in the PEAA composites with the 
functionalized derivatives. 
Figure 55. Raman spectroscopy of PEAA with lwt. % loading of SWNT, F-SWNT, F-
SWNT-CnH23, and 0.5wt.% Urea-F-SWNT. 
DSC results are shown in Figure 56. Neat PEAA have three predominant peaks, the first 
at about 45°C which represents the amorphous phase; the second peak at 99.3°C 
represents an intermediate phase; and the third peak at 103.8°C represents the crystalline 
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phase. The incorporation of the nanotubes resulted in a decrease of melting point for all 
composites tested. It was noticed that upon closer examination of the right shoulder of the 
peak in all thermograms, it was difficult to assign a singular sample that had shifted 
towards the right which would have indicated that sample had the highest stiffness and 
mechanical properties of the group being tested (Figure 56b). 
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Figure 56. DSC thermograms of a) Neat PEAA in black; PEAA loaded with lwt.% of 
SWNT in green, F-SWNT in red, F-SWNT-CnH23 in blue and 0.5wt.% of Urea-F-SWNT 
in fuchsia. The zoomed image all samples b) indicate no clear sample that has a 
significant shift to the right among all samples. 
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Conclusions 
Of all composite matrices used in this study, MDPE, HDPE, PEAA, MDPE was the most 
difficult, due to it's lower crystallinity decreased mechanical properties, it was quite 
brittle and difficult to process into samples for testing. HDPE and PEAA were easier to 
process. They were stronger and had higher toughness and could withstand the use of the 
dogbone mold to cut out samples leaving the panel intact for further cutting. A selection 
of these samples, MDPE, HDPE and PEAA were utilized for radiation testing and will be 
discussed in Chapter 4. 
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CHAPTER 4: RADIATION STUDIES 
Space exploration has been and will continue to be dangerous to our astronauts 
and related electronics as we venture further into space. The following will discuss 
radiation environment, the effects of radiation, facilities used for irradiation experiments, 
and then the subsequent sections will focus on the radiation experiments of various 
charged particles on nanotube materials in powder form, as a sensor, on nanocomposites, 
and finally, as a shielding material. 
Radiation can either ionize or displace atoms. Ionizing radiation can damage 
human cells and interfere with the normal functioning of electronics on board space craft. 
Within the space radiation environment, there are three sources of ionizing radiation. The 
first source is Galactic Cosmic Rays (GCR), which is a low-level background of high 
particulate radiation of our universe. The composition of GCR is: 87.5% protons, 12% 
helium nuclei, and 1% particles that are heavier than helium.3 The second source is solar 
energetic particles which consist of the coronal mass ejections from the sun. The third 
source includes the energetic particles from solar winds that are trapped in the Van Allen 
radiation belts by the geomagnetic fields around the earth. Due to the geometry of the 
geomagnetic fields, these are particularly strong at the so-called South Atlantic Anomaly. 
A composite of a satellite photo of the sun and an artistic rendition of the 
magnetic field lines around Earth being affected by a coronal mass ejection of the sun as 
well as a photon of energetic particles ionizing with the atmosphere resulting beautiful 
aurora is depicted below in Figure 57. 
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Figure 57. Composite drawing on left and picture of aurora on right. 
Although ionizing radiation can create interesting atmospheric effects, it also imposes 
risks. These risks associated with radiation exposure during a mission, limits the total 
dose allowed for astronauts during their lifetime. It is possible for astronauts to receive 
the radiation dose limit of their careers during a single mission. The current limit for the 
general public is 0.1 rems/year for the whole body. The current limit for an astronaut is 
50 rems per year, and this is only pertaining to low earth orbit e.g. the location of the 
International Space Station (ISS) . For long term missions, this limit restricts not only the 
use of astronauts that have undergone extensive training but especially their experience 
earned in their careers because their voyages are always restricted due to the radiation 
dose limits. The effects of space radiation result in total ionizing dose and displacement 
damage. 
Total ionizing dose (TID) is defined as the total amount of energy deposited into a 
material by ionizing radiation. TID is of concern due to the secondary radiation of 
energetic particles that are created when the energetic particles are slowed down through 
interactions with electrons of the atoms in the intervening materials of the spacecraft. If 
shielding and structural materials were able to better mitigate the energy deposited from 
incoming energetic particles or have reduced spallation products from materials 
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composed of lower Z atoms, then dose limits for astronauts and other radiological 
workers such as pilots and flight attendants could be increased. This could lead to less 
radiation induced illnesses among radiological workers over their career. 
Displacement damage is caused by secondary neutrons that result from 
interactions of intergalactic rays with the nuclei of the atoms in materials of the 
spacecraft. Displacement damage occurs when an atom is removed from the surrounding 
network of atoms. These effects can alter DNA strands and result in radiation damage to 
tissues.3 
Radiation damage also causes single event effects (SEE) in electronics. Single 
event effects occur as galactic cosmic rays, particles from solar events, trapped protons, 
and the aforementioned secondary neutrons disrupt electronics, leading to equipment 
damage and failure. Direct ionization of semiconducting materials can result in freeing of 
electron-hole pairs which cause variations in memory circuits. Indirect ionization from 
secondary interactions, can also lead to these variations. Charge deposition and collection 
in electronics can disrupt sensor functions. Proper sensor function is vital for any 
space mission. To minimize radiation damage to both humans and electronics, 
appropriate materials must be utilized. 
Desired materials would need to be lightweight, to keep the transport of such 
material cost effective on long missions. In addition, materials with a high hydrogen 
density are preferred since the use of hydrogen rich materials reduces the spallation 
fragments associated with higher Z (atomic weight) atoms.44 These fragments can 
increase radiation damage to personnel and electronics. Lightweight materials that 
enhance structural properties and are radiation resistant are also needed for future 
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spacecraft. These materials would be multi-purpose, this would lighten certain portions of 
future spacecraft and this would result in reduced cost per mission, which is about 
$10,000 to put one pound of materials in space.131 
However, little work has been done to investigate the radiation effects on carbon 
nanotube materials that are specific to the space environments relevant to aerospace 
missions. " For this reason, a study of radiation effects on SWNT and functionalized 
nanotubes in powder and in polyethylene composites was carried out, with 10, 30, and 40 
MeV hydrogen protons, Ar and Ne ions, 1-800 MeV neutrons, gamma rays and 1 GeV/n 
Fe-ions. These various radiation environments were used to test the nanomaterials in 
powder form, as a sensor, in composites and in a shielding experiment to determine their 
stability for diverse space applications. 
Instrumentation 
Ground based radiation studies use a variety of sources that provide high-energy 
particulate radiation similar to that found in the space radiation environment. While it is 
not physically possible to duplicate the radiation environments where space crafts are, 
elements of these environments can be simulated by ground based particle accelerators 
that operate in energy ranges relevant to these environments. In the work described here, 
three facilities were utilized that produce radiation relevant to three distinct aerospace 
radiation environments: the upper atmosphere, low earth orbit (LEO) and inter-planetary 
space. For each facility, a description is given below and for all exposures; the 
experiments were performed in ambient temperature in air. Radiation damage to these 
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materials could be from either displacement of atoms or ionization or both, the following 
will clarify which type is expected from each radiation exposure. 
Los Alamos Neutron Science Center (LANSCE): The LANSCE facility provides 
high energy (1-800 MeV) neutrons with energy spectra similar to secondary neutrons in 
the upper atmosphere and within spacecraft. ' LANSCE is a U. S. Department of 
Energy (DOE) user facility. The neutrons are produced by a nuclear spallation 
process.138 Protons accelerated up to 800 MeV by a linear accelerator interact with the 
nuclei of atoms in a tungsten target. This produces a shower of neutrons and charged 
particles in all directions with the spatial dependence of the particles' spectrum dependent 
on the detailed kinematics of the proton beam interaction with the target. Therefore, by 
selecting solid angles regions relative to the incoming incident proton beam and 
magnetically deviating the charged particles, quasi-collimated beams of neutrons with a 
range of spectra are produced. For the experiments discussed below, the samples were 
exposed to the 15L beam-line. (Indicating that the samples were on the left of the beam at 
a 15° angle from the main trajectory of the particles.) The typical beam diameter is about 
8 cm. The radiation damage expected would be a combination of displacement and 
secondary ionization of atoms for neutrons. 
Texas A&M University Cyclotron Facility: This facility is based on a K500 
superconducting cyclotron that provides beams of protons and heavy ions.140 The 40 
MeV proton beam is from accelerating doubly ionized H2 with the protons disassociated 
by a thin foil. An additional degrader foil is used to obtain essentially 10 MeV protons 
with a small energy spread. The samples are irradiated in a moderate vacuum of 
approximately 3x10"5 Torr at room temperature. The beam has a square cross-section 
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with area 5 cm x 5 cm and a uniformity of about 90%. The beam flux is typically lxl 07 
p/cm2/sec. The radiation damage expected would be a combination of ionization and 
displacement of atoms. 
Brookhaven National Laboratory: The NASA Space Radiation Laboratory 
(NSRL) at Brookhaven National Laboratory is a facility that can deliver high energy 
protons and heavy ions at energies relevant to the galactic cosmic ray environment in 
interplanetary space.1 l The radiation damage expected would be displacement of atoms. 
The gamma experiments were done at Johnson Space Center. The sample was 
placed three inches from either side of the Cobalt source with a dose rate of 0.16-0.20 
Mrad/min for one hour for a total approximate dose of 12 Mrad. Radiation damage 
mechanism from gamma rays is ionization. The nanotubes were subsequently 
characterized with Raman spectroscopy using the Renishaw Microraman 780 cm"1 diode 
laser. FTIR was taken of the powder sample. XPS data was taken from the F-SWNT 
powder samples. DSC was taken of the composite samples. 
Nanomaterials in powder form 
Introduction 
Nanotube materials were studied previously with protons,142 and it was found 
that with SWNT, -CH peaks appeared in FTIR, which indicated that H was attached to 
the sidewall, which meant SWNT were sensitive to protons. There were electrical 
measurements taken of radiated materials that had shown resistivity changed with various 
radiation exposures but the nanotubes themselves remained stable. Gamma irradiation of 
nanotubes had resulted in cross linking between the nanotubes which increased 
mechanical properties of the nanotube films. Theoretical studies of irradiated 
nanotubes state there is a narrowing of nanotubes due to defects that are created by 
irradiation which result in thinner sections of nanotubes, some also suggest a coalescence 
of nanotubes.144"146 However, there has not been a systematic study of functionalized 
nanotubes. For this study, SWNT and F-SWNT were irradiated with 30MeV and 40 MeV 
protons, the materials were then characterized and the results are discussed below. 
Materials and methods 
The powders were placed in small plastic bags and also in paper packets and irradiated 
with 40 MeV and 30 MeV protons [with three fluences: lxlO9, lxlO10, and 5xl010 
protons/cm2] at Texas A&M University Cyclotron Institute. The thickness of the paper 
was small enough to have a nominal effect of the proton energy. The nanomaterials were 
characterized by Raman spectroscopy, XPS, and IV measurements. 
Results and discussion 
The 30 MeV dose data for the irradiated samples are in Table 15 below. 
Table 15. 
Sample 
F-SWNT 
SWNT 
F-SWNT 
SWNT 
F-SWNT 
SWNT 
Irradiat: 
Energy 
(MeV) 
30 
30 
30 
30 
30 
30 
on data o 
Fluence 
(ions/cm2) 
1.00x109 
1.00x109 
1.00x101D 
1.00x1010 
5.00x1010 
5.00x1010 
F30MeV^ 
Dose 
(rad) 
2.41 E-HE 
2.42E+02 
2.41E-HD3 
2.41 E+03 
1.21E+04 
1.21E-KM 
'roton exj 
Live time 
(s) 
65.75 
68.533 
518.55 
536.733 
3007.08 
3571.03 
reriment. 
Ave. Flux 
(ions/cm2s) 
1.52E407 
1.46E-HD7 
1.93E+07 
1.86E+07 
1.66E-HD7 
1.40E407 
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Within one month of irradiation, each of the irradiated powders was characterized 
by Raman spectroscopy and the results in Figures58-59 below. The spectra indicate that 
with proton irradiation the intensity of D peak (near 1300 cm"1) had lowered for both the 
40 and 30 MeV protons. This is indicative of sp carbon states being recovered due to the 
loss of covalent functionality on the nanotube. With the lower intensity of the D peak, 
this correlates with a reduced amount of sp carbon states. Also the D peak had shifted 
which usually indicated that there is another group on the sidewall of the nanotube. This 
other group later proved to be -CH from FTIR spectra of samples that were incased in 
polyethylene bags in which radical formation from irradiation has already been shown.147 
3FSWNT Powder Post Irradiation 
^SS^^^^SSS^^^^SSfS^S^L 
Figure 58. Raman spectra of F-SWNT irradiated with 40 MeV protons with a fluence of 
3X1010 protons/cm2 and the control below. 
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Figure 59. Raman spectra of F-SWNT with 30 MeV Protons and gamma rays. 
The G/D ratios of the irradiated F-SWNT against fluence were plotted in Figure 60 to 
show that with increasing fluence, the G/D increases. This is an important result since it 
is the first work to show the instability of fluorine atoms under proton irradiation. These 
results demonstrated that the fluorine surface of these tubes could be modified with 
radiation, and since F-SWNT's are five orders of magnitude higher in electrical 
resistance compared to SWNTs the potential for using these fluorinated materials as part 
of a possible dosimeter had been demonstrated. 
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G/D Ratio vs. Fluence of F-SWNT Irradiated with 
30MeV and 40MeV Protons 
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Figure 60. G/D ratio vs. fluence of irradiated F-SWNTs. 
XPS of the F-SWNTs was performed on the irradiated samples. The data shown in Table 
16 indicate that the fluorine content (Fls) decreases with the increasing fluence of the 30 
MeV protons from 40.3 down to 36.5, correspondingly, the atomic % F Cls increases. 
This is significant, especially when corroborated with the increasing G/D ratios observed 
in the Raman spectra above. 
Table 16. Initial XPS data for the FSWNT powders from the 30 MeV proton run have the 
following atomic % for fluorine and carbon. 
Fluence of 30 MeV protons 
None 
le9 
lelO 
5el0 
Cls 
59.7 
60.5 
60.8 
63.5 
Fls 
40.3 
39.5 
39.2 
36.5 
High resolution spectra of F-SWNT control, 40 MeV proton and gamma irradiated 
F-SWNTs is shown in Figure 61. For the 40 MeV proton irradiated F-SWNTs, there is a 
decrease in the peak located at 291eV which is assigned to the C of CF2 ,there is an 
increase in the peak at 286.5 eV which is approximately assigned to the C in C-CFnand 
C-0 and the Cls peak for C-C is decreased for the gamma irradiated sample.148 
inK*9&iw*i#V» 
Figure 61. High resolution spectra of F-SWNT control, 40 MeV proton and gamma 
irradiated F-SWNTs. 
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To test this, proton irradiated F-SWNTs were ink jetted onto inter digited 
electrodes (IDE) on the sensors, see Figure 62 below, 
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Figure 62. a-b) Picture of sensor utilized for ink jetting nanotubes in sensor with white 
squares; c-h)SEM images of actual sensor used in experiment of F-SWNT-C11H23 (x200 
tox50K). 14* 
The IDE was fabricated using conventional photolithography with a nominal 
finger width of 10 urn and gap sizes of 4, 8, 12 and 50 urn. The fingers were made of 
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thermally evaporated Ti (20 nm) and Pt (200 nm) on a layer of SiC«2, thermally grown on 
a silicon substrate. Current-voltage (IV) measurements of the irradiated materials were 
taken using the electrode array. The IV curve shown in Figure 63, below is a 
representative of the many curves taken and the general trend of the curve indicated a 
decrease of resistivity for functionalized tubes (F-SWNT, Urea-F-SWNT) that were 
irradiated and an increase in resistivity for non functionalized tubes that were irradiated 
with protons, see Table 17 below. These observations would help to optimize a sensor in 
which different functionalized nanotubes may be used together as a sensor for gas sensor 
experiment in low earth orbit. 
Figure 63. IV curve of F-SWNT irradiated with 30 MeV protons with three fluences and 
40 MeV protons of one fluence. 
Table 17. IV measurements of irradiated SWNT, F-SWNT, and urea-F-SWNT 
SWNT 
F-SWNT 
UF 
Control 
1.32E+04 
1.44E+07 
1.44E+07 
30 MEV 1E9 
1.29E+05 
1.97E+05 
1.36E+06 
30MEV1E10 
3.12E+04 
1.40E+05 
2.53E+05 
30MEV5E10 
2.46E+07 
1.32E+05 
3.35E+05 
40MEV3E10 
5.28E+05 
1.48E+05 
INC/DEC 
INCREASE 
DECREASE 
DECREASE 
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Raman spectra of gamma irradiated SWNT showed some variation in the radial breathing 
modes (RBM) in Figure 64. Irradiation on nanotubes has shown some effect on nanotube 
diameters in agreement with previous research.146'150'137 
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Figure 64. Raman spectra of gamma irradiated SWNT below and control SWNT above. 
The nanotube powder experiments demonstrated that the functional group is 
sensitive to protons as evidenced by the increasing G:D ratios of Raman spectroscopy, 
decreasing fluorine content of XPS, and decreasing electrical measurements of F-SWNT 
all as a function of proton exposure. Initial gamma results indicate there is some 
differences in the RBM region of the nanotubes as seen in literature. These initial results 
then led to the test of these materials as a potential sensor. 
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Sensors 
Introduction 
The measurement of radiation, or dosimetry, plays a vital role in determining 
accumulated dose and risk to fluctuating space events such as coronal mass ejections. 
There are passive forms of dosimetry that are currently employed, such as hand 
held/pocket devices carried by the astronauts that are later recovered and measured. An 
active device, the Tissue equivalent proportional counter (TEPC) measures adsorbed dose 
and dose equivalent to human tissue, however, due to it's weight and size, the TEPC is 
heavy and impractical as a personal active dosimeter. A practical dosimeter would be 
composed of lightweight materials which could be easily integrated into the space suit. 
From initial nanotube experiments discussed earlier, it was realized that a possible 
proton dosimeter/sensor could be based on these functionalized tubes. To explore this 
possibility, F-SWNT, F-SWCNT-CnF23, and F-SWCNT-CnH23 were used in a sensor 
experiment. 
Materials and methods 
A sensor with pristine and fluorinated materials: F-SWNT, F-SWCNT-C11F23, and 
F-SWCNT-C11H23 were ink jetted onto a sensor, similar to the one described in the 
preceding section. The 10 MeV and 30 MeV proton beams are provided by a K500 
superconducting cyclotron at the Texas A&M Cyclotron Institute. The beam is delivered 
to a vacuum end station where samples can be mounted on variable position mounts 
within the vacuum or in air. For the experiments reported, the device was mounted in 
ambient air. The proton beam traveled through a thin aramica window with a diameter of 
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2.54 cm to the surface of the device a few millimeters away from the window. The 
thickness of the aramica window and the airspace from the window to the device surface 
did not significantly change the proton energy at the surface of the device. For both beam 
energies, the beam uniformity was typically greater than 90%, and the proton flux was 
varied from 1.0 x 107 to 2.2 x 107 protons cm"2sec_1. 
During the proton radiation experiment, the resistance from each channel was 
measured using a Keithley 2002 Multimeter and Keithley 7001 Switch System for 
multichannel data acquisition with custom software provided by Zhang Associates, Inc. 
The device was first exposed to 30 MeV protons to a total fluence of approximately 1.0 x 
10 protons/cm . After about one hour, the device was exposed to 10 MeV protons to a 
1 1 "y 
total fluence of 1.0x10 protons/cm . This order of exposure was based on the proton 
energies: the 10 MeV protons, having the larger LET, would be expected to cause more 
damage to the device. Therefore, any damage to the device was more likely to occur later 
in the test, and the 30 MeV data would be affected less by the 10 MeV run. 
Results and discussion 
Initial results from a proton experiment with a sensor coated with unradiated F-
SWNT and similar fluorinated materials were irradiated indicated an increase in 
resistance from proton exposure. The F-SWCNT-C11F23, F-SWCNT-C11H23 sensors have 
larger and more pronounced responses. These sensors demonstrate distinct sensitivity to 
the proton exposures. These nanomaterials change their conductivity with irradiation to 
1 1 9 
the fluence of 10 protons/cm at both proton energies, 10 and 30 MeV. The 30 MeV 
proton beam was turned on at the time denoted by 300 minutes in Figure 65. The 
133 
normalized resistance increased accordingly and showed sensor response to the total 
fluence of 1.065 x 10 protons/cm . The proton beam was turned off after 455 minutes. 
The normalized resistance decreased, exhibiting recovery. After 73 minutes of recovery, 
the sensors were exposed to 10 MeV protons when the total experiment time was equal to 
528 minutes. The flux was on the order of lxl07 protons/cm2/sec. The beam was turned 
off after a total experiment time of 607 minutes. As before, the sensor recovered to a 
lower normalized resistivity. The sensor was then irradiated with 10 MeV protons at a 
much lower flux, on the order of lxl02 protons/cm2 /sec. This lower flux was chosen to 
test the limits of the sensitivity of the device. At this lower flux, no substantial response 
to the 10 MeV protons was observed after four hours to a total fluence of 2.13 x 106 
protons/cm . The resistance values were recorded for four hours after the beam was 
turned off. The resistances of the devices recover to their original/pre-irradiated levels 
after the proton beam is turned off. While there is still substantial baseline drift, the signal 
(positive change in resistance) occurring with proton radiation, when at a flux of lxl07 
protons/cm /sec, is substantially greater in these functionalized samples. A possible 
mechanism to explain this rise and fall of resistance would be the creation of defects on 
the nanotube structure which would disrupt the conductivity of the nanotube resulting in 
an increase in resistance. The annealing of these defects one the radiation was turned off 
could explain the gradual return to baseline. The recombination time for the defects to 
anneal would then be the time it took for the resistance to return to baseline, this length of 
time (~ 60 minutes) may also account for any migration of atoms displaced by radiation, 
the creation of defects and the annealing of them have been studied before.145'146 
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Functionalized nanotube materials serve as better radiation detectors than their pristine 
counterparts. 
Figure 65. Normalized response vs. time for a) SWNT control, b) F-SWNT-C11H23 and c) 
F-SWNT-CnFxHy 
This sensor study showed a response to lOMeV and 30 MeV protons which had 
gone down to baseline within a certain amount of time which would make them reusable. 
These initial results indicate that these functionalized materials are a good candidate for 
sensor development. They would be reusable and because they are so lightweight, they 
could be integrated into a space suit. Functionalized nanotubes were then studied in 
composite materials. 
Composites 
Introduction 
Earlier work with composites from Chapter three had shown how SWNT, and 
fluorinated nanomaterials in composites had different effects on mechanical properties 
and melting behavior according to tensile test and DSC results. A selected few composite 
samples were used for proton, neutron, Ar ion, Ne ion, and Fe ion irradiation. Radiation 
of PE has shown cross linking and chain scission to various charged particles, and the 
reaction mechanism of radical formation with the end result of cross linking will be 
generally discussed.151"155 Composite materials with nanotubes have had some previous 
radiation research.136,156"158 SWNT and F-SWNT in PE are irradiated and characterized 
by Raman spectroscopy and DSC. 
Materials and methods 
Both medium density and high density polymer matrices were utilized in this 
study. Composites with 5% SWNT and F-SWNT were irradiated with 10 and 40 MeV 
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protons, Fe ions, Ar ions, Ne ions and neutrons. Facilities used included LANSCE, Texas 
A&M University Cyclotron Institute, and Brookhaven National Laboratory. The 
composite materials were encased in mylar sheets as describer previously for the powder 
experiments, and were characterized by Raman spectroscopy and DSC measurements. 
Results and discussion 
Raman spectra were taken from composites and their D/G ratios are listed below 
in Tables 18 and 19. It is observed that the D/G increases for the SWNT composite with 
40 MeV protons exposure and for the F-SWNT composite with 10 MeV 3x109 
protons/cm . These two exceptions may be attributed to the dispersion of nanotubes 
within the composite, however majority of samples have shown stability. 
Table 18. Raman spectra D/G ratios of polymer composites with 5% SWNT 
Composite Sample 
[Energy] Fluence 
(protons/cm2) 
Control HDPE +5% SWNT 
10 MeV 3x108 
10 MeV 3x10y 
10MeV3xl0 lu 
40 MeV 3x10* 
40 MeV 3xl0y 
40 MeV 3xl0 lu 
Fe ions 
Dpeak 
1297 
1304 
1304 
1305 
1297 
1312 
1309 
1306 
Intensity 
877 
1290 
957 
870 
877 
662 
951 
845 
Gpeak 
1585 
1586 
1587 
1589 
1585 
1589 
1587 
1590 
Intensity 
3399 
8340 
4010 
3122 
3399 
2945 
2023 
3194 
D:G 
0.25 
0.15 
0.23 
0.27 
0.25 
0.22 
0.47 
0.27 
Table 19. Raman spectra D/G ratios < 
Composite Sample 
[Energy] Fluence (protons/cm2) 
Control HDPE +5% F-SWNT 
10 MeV 3xl08 
10MeV3xl0y 
10MeV3xlO ,u 
40 MeV 3x10" 
40 MeV 3xl0y 
40 MeV 3x10'° 
Fe ions 
3i polymer composite 
Dpeak 
1303 
1295 
1299 
1303 
1301 
1307 
1296 
1312 
Intensity 
7228 
5031 
4345 
9843 
8559 
5921 
2550 
14588 
s with 5% F-SWNT. 
Gpeak 
1593 
1588 
1578 
1586 
1597 
1586 
1585 
1599 
Intensity 
3144 
1979 
1186 
3479 
3163 
2206 
990 
7016 
D:G 
2.29 
2.54 
3.66 
2.82 
2.70 
2.68 
2.57 
2.08 
The effect of radiation on PE has been widely studied112'113'159'160 and research with PE 
with nanotubes has shown some increase in mechanical properties from composites that 
had crosslinking.161 DSC measurements give the melting temperature of the composite, 
and from the discussion of DSC in Chapter Three, an increase/decrease in the melting 
temperature of a composite can be correlated to mechanical properties.106 Radiation 
causes both cross linking and chain scission in polymeric materials. Cross linking occurs 
in the amorphous region of a polymer. This can fix certain polymer chains to each other 
and impede free motion during thermal treatment, which would require greater energy to 
move the cross linked polymer segment. This would increase the overall melting 
temperature of the polymer composite. An example of cross linking is shown in the 
reaction mechanism below in Figure 66. 
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Figure 66. Reaction mechanism of radiation induced cross linking. 
Chain scission cuts polymer chain and creates radicals. These radicals are quite reactive 
and can bind to another section of the polymer backbone, which would cause branching. 
Branching reduces the crystallinity of a polymer, and the melting temperature would 
decrease. Since both occur, the predominant mechanism is coarsely determined from 
whether the melting temperature has increased or decreased with radiation dose. To study 
melting behavior of these composites, DSC measurements were taken and are shown in 
Figures 67-70. From the thermograms below, it is seen that with radiation, there is a shift 
of the melting peak, this is attributed to a higher incidence of cross-linking than chain 
scission in polyethylene with the greatest shift from 132.9°C to 135°C for the SWNT 
composite exposed to Fe ions in Figure 68. The greatest shift for the F-SWNT composite 
was the lOMeV proton exposure with a fluence of 3x10 protons/cm . This is also the 
same sample that had shown the most deviation in the D:G ratio of the Raman 
spectroscopy data fro the F-SWNT composite. However, this did not hold true for the 
SWNT composite and the D:G ration, in which the 40 MeV proton radiation had the 
highest deviation. Many factors can go into what may have affected these composites 
with these particular exposures. It has been shown previously in Chapter Three that 
SWNT within a thermoplastic is often the site of crystal nucleation, and it has been 
shown that SWNT has a better phase integration between the amorphous and crystalline 
region of the polymer compared to the composite with F-SWNT within DSC 
thermograms. However, SWNT have greater bundle sizes and tend to have poor 
dispersion compared to F-SWNT dispersions in composites. The fact that cross linking 
occurs in the amorphous region may give an indication of why there is a greater shift in 
melting temperature for the SWNT with Fe ions. Fe ions are much bigger than the other 
ions that were used and it is believed that these bigger ions caused more damage in the 
amorphous regions of the SWNT composite. That because it was SWNT and not F-
SWNT, there would be more of an amorphous region with the SWNT compared to the F-
SWNT composite. It is also noted that among all radiated composites shown, there is a 
decrease in the intensity of the crystalline region in the thermogram compared to non 
radiated controls. This decrease in crystallinity can be attributed to chain scission, which 
would reduce crystalline segments, or lamellae within the polymer matrix. It is dependent 
on the presence of nanotubes, whether they are functionalized or not, which would then 
separate the overall cross linking and chain scission damage mechanisms seen in these 
composites. 
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Figure 67. DSC thermograms of 5% SWNT/ HDPE composites with 10 and 40 MeV 
protons irradiation. 
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Figure 68. DSC thermograms of 5% SWNT/ HDPE composites with neutron, Ar ion, 
ion, and Fe ion irradiation. 
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Figure 69. DSC thermograms of 5% F-SWNT/ HDPE composites with 10 and 40 MeV 
protons irradiation. 
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Figure 70. DSC of HDPE + 5% F-SWNT in Ne, Fe, Ar ions and neutrons. 
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Raman spectroscopy of these composites have shown the greatest difference in 
the G:D ratio for 40 MeV proton irradiation for the SWNT composite and 10 MeV 3X109 
protons/cm2 for the F-SWNT composite. Nanotube composites have shown different 
thermal responses to the various radiation exposures. The cross linking and chain scission 
were observed in all radiated composites, with SWNT having a slightly more response to 
Fe ions and F-SWNT having a slightly more shift of melting temperature with 10 MeV 
protons with a fluence of 3X10 protons/cm . This nanotube composite study showed 
that the composite is showing the expected damage mechanisms of cross linking and 
chain scission. The nanotubes in the composite have different effects, but remain overall 
stable with radiation with a few exceptions. The stability of the nanotubes in these 
composites led to a shielding experiment with nanotubes composites. 
Radiation shielding 
Introduction 
Shielding materials need to be optimized to mitigate the energy of incoming 
particles and to minimize biological effects. Certain materials are commonly used 
despite their higher Z character. For example, aluminum, which has poorer shielding 
characteristics when compared to liquid hydrogen and other materials, is a common 
material in space craft structures1. It is abundant, cheap to process, and easily 
manufactured into desired shapes. Liquid hydrogen, which has the best shielding 
characteristics, is much more difficult material with which to work and it is not a 
structural material. Carbon based nanomaterials have been of interest for radiation 
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research for multi-functional materials and SWNTs have the material requirements 
desired for space applications. 
Materials and methods 
To make these shielding composite samples, 20gm of SWNT were processed in the way 
described previously in Chapter Three to form a 1 gm/cm arial density. In a similar 
fashion, carbon black composite was prepared along with unfilled PE control sample. 
Other samples prepared elsewhere were included in this study for comparison of 
shielding results. 
Results and discussion 
Initial Results with thin (1 g/cm2) PE/carbon nano-composites that were exposed 
to 1-800 MeV neutrons are shown in Table 20, TEPC error about 10%, all dose values 
the same within error. A tentative conclusion from this preliminary shielding study is that 
nanotubes do not significantly degrade a matrix material's shielding properties. 
Therefore, if a given composite has other desirable multi-functional properties obtained 
from including the tubes (e.g. structural strength, improved electrical and thermal 
properties, the composite may be a good candidate for space applications. 
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Table 20. Shielding data from TEPC for various materials. 
Sample 
No Target 
PE 
PE + SWNT 
PE + Carbon black 
Graphite 
Aluminum 
PE + VGCF TPyrografl 
PE + Woven Carbon 
Fiber 
PE [ISS] 
Absorbed Dose 
(uGy/N/cm2) 
8.93E-06 
6.31E-06 
6.40E-06 
6.24E-06 
6.57E-06 
6.55E-06 
6.17E-06 
6.22E-06 
6.22E-06 
Dose Equivalent 
(uSv/N/cm2) 
0.000167 
0.000109 
0.000111 
0.000109 
0.000117 
0.000118 
0.000107 
0.000108 
0.000108 
This shielding study showed that nanotubes did not degrade the matrix shielding 
properties. If this project were to continue, it would be suggested to use a mixture of 
nanotubes, boron nitride nanotube to mitigate neutrons, and F-SWNT-CnFxHy with as 
high of an aspect ratio as possible for increased strength of the matrix. This would enable 
this composite to be multifunctional, to serve as both a shielding material and a possible 
structural component. 
Conclusion 
Characterization of irradiated functionalized nanotube materials have show a 
measurable sensitivity of fluorinated nanomaterials to 10, 30 and 40MeV protons. Raman 
G:D had increased with radiation and XPS had shown a decrease of fluorine content with 
radiation. IV measurements showed that irradiated functionalized materials decreased in 
resistivity and irradiated pristine SWNT increased in resistivity. Initial sensor data 
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showed an increase in normalized response from the proton radiated fluorinated materials 
which had gone back to baseline after the radiation was stopped. This would make 
fluorinated nanomaterials a good candidate for reusable and recyclable sensors. Majority 
of the SWNT and F-SWNT/HDPE composite samples have shown stability under various 
radiation environments with two exceptions that might be attributed to dispersion issues. 
Shielding data indicated no decrease in protection of the nanotube composite and could 
be considered as a potential structural component with further modification of the 
nanotubes. From these results, nanotube materials do have potential in space application 
in the form of a sensor, shielding materials, and possible structural components. 
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CONCLUSIONS 
This body of work encompassed new methods of functionalizing SWNT and using them 
in composites, coatings, and radiation studies. Using F-SWNT as precursors, these 
SWNTS were further derivatized with: urea, thiourea, guanidine, APTES, N-(2-
Aminohexyl)-3-aminmethyltriethoxysilane (N6) andN-(2-Aminoethyi)-3-
aminopropyltrimethoxysilane (2A), proline, serine, and with perfluorinated chains. 
Among these new materials, a subset were chosen for composite studies: urea, F-SWNT, 
F-SWNT-CiiH23, F-SWNT-CnFxHy in MDPE, HDPE, nylon and PEAA. Results of the 
MDPE composite study demonstrated increase in strength with perfluorinated chains.. 
AFM study showed the correlation between mechanical properties and sidewall 
modification. The nylon study illuminated on the role of a reactive filler vs. non reactive 
filler. Radiation studies included powders: SWNT and F-SWNT mainly. The result of the 
powder study was that functionalized materials are sensitive to proton irradiation. This 
sensitivity was demonstrated by changes in the G:D ratio, decrease in resistivity, and 
decrease of fluorine by elemental analysis. Sensor experiment demonstrated the in situ 
sensitivity of functionalized nanomaterials to proton irradiation and how they could be 
reusable materials based on the return to baseline after the proton beam was stopped. The 
shielding study proved that SWNT did not degrade the shielding effectiveness of PE, and 
that functional materials could be utilized in future studies. Overall, this body of work 
offers new methods that produce nanomaterials that have proven applications in 
composites and space applications. 
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